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(54) Optical demultiplexer, optical multi-Zdemultiplexer, and optical device 



(57) The present invention provides an optical de- 
multiplexer and an optical multi-/demultiplexer at low 
cost without reducing performance capabilities. An op- 
tical demultiplexer (100a) includes: a multi-mode 
waveguide having such an optical path length as to 
cause a difference between first and second wave- 
lengths with respect to a phase difference between ze- 
ro- and first-order modes to become an integral multiple 



of n; an input waveguide (105a) optically connected to 
the input side of the multi-mode waveguide (1 02a) such 
that the optical axis thereof is offset from the center line 
of the multi-mode waveguide (102a); and two output 
waveguides (103a and 104a) optically coupled to the 
multi-mode waveguide (102a) at different positions of 
the output side of the multi-mode waveguide (102a). 
The two output waveguides (103a and 1 04a) are located 
in such a manner as to maximize the extinction ratio. 
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Description 

BA' KG ROUND OF THE INVENTION 
Fieici of the Invention 



,000,, THepreeentlnvention™^ 

in wavelength division multiplex communication, and also an 0 pLl multiplexer and an 

^rreXrxrs 

using such an optical demultiplexer or optical multWdemultiplexer. 
Description of the Background Art 

' -rrrarr^^ 

Patent Laid-Open No. 2002-286952) . m .iitU/demultiDlexer in which an input optical waveguide 

[0006] Furtherstin.thereisstillanotherconven^ input end of a multi-mode 

or allowing light of two different wave.engths to propagate therethrough s coupled tc an ^ 

s interference optica, coupler, and the width and length of the m " ta ^"^^^an output end of the multi- 
components of the light of two different wave.engths are focused onto "ST^ La f d . 0pen p UD , ica tion 
mode interference optica, coupler (see, for example, pp. 2-5 and MFK3. 1 Id ^^T^ieiength Multiplexoni on 
No. 8-201648; F. Rottmann, A. Never, W. Mevenkamp, ^^J^S^W^ No. 6 June 1988 (here- 
Lithium Niobate Based - Jwo-Mode ^ Broughton, "Compact Planar 

o matter, referred to as the "Document 1 ), M. R. Pa.am, O F Janz «. k m ^ Pno tonics Technology Letters, 

980/1550-nm Wavelength Multi/Demultiplexer Based on M " tt '^ ^™ c Lin and W Y Lee, »Guided-wave 

— wa^S 

film fitter. Moreover, a process for producing such an multilayer film filter into the groove 

so esses for forming the groove in the opted 

with high precision. The conventual °P tlca, ^ mutt,pleXe ^^" 0 t t Te^ dielectric multilayer film fitter. Accordingly, 
inglight of different wavelengths to be reflected by or P»^"™* 1 ^ ^oSol) and an element for emitting 
it is necessary to provide an element for rece.v.ng NP"^*^ mu.ti-/demultiplexer. 

55 ttZZZXZZ^^ 



cated structure. 
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[0008] Further, another conventional optical demultiplexer or multi-/demultip!exer as disclosed in Japanese Patent 
Laid-Open Publication No. 2-244105 is developed for use in high density WDM of eight or wore wavelengths, and 
therefore is expensive while being highly precise. Accordingly, when using such a conventional optical demultiplexer 
or multi-Zdemultiplexer for low density WDM of about two to four wavelengths, the cost effectiveness is low as compared 
5 to the case of using the conventional optical demultiplexer or multi-/demultiplexer as disclosed in Japanese Patent 
Laid-Open Publication No. 63-33707. 

[0009] Furthermore, still another conventional optical muiti-/demultiplexer as disclosed in Japanese Patent Laid- 
Open Publication No. 2002-286952 is configured to separate and combine light of a plurality of wavelengths using the 
dual-wavelength optical multi-Zdemultiplexer circuits connected in series each including two MMI couplers and twopar- 

io allel single-mode waveguides. Accordingly, the structure of such a conventional optical multi-/demultiplexer becomes 
complicated, and the optical path thereof is required to be lengthened, making it difficult to provide a compact optical 
multi-/demultiplexer. Moreover, a significant loss of light is resulted from the lengthened optical path. 
[0010] Further still, in still another conventional optical multi-Zdemultiplexer of a first type, as disclosed in Document 
1 , a Y-like input waveguide and a Y-like output waveguide are respectively connected at the input and output sides of 

'5 a multi-mode waveguide. In still another conventional optical multi-Zdemultiplexer of a second type, as disclosed in 
Japanese Patent Laid-Open Publication No. 8-20164 and Documents 2 through 4, input and output waveguides are 
respectively connected at the input and output sides of the multi-mode waveguide so as to be parallel with each other. 
These two types of conventional optical multi-Zdemultiplexers differ from each other in terms of shapes of the input and 
output waveguides. However, both types are alike in that the shape of the multi-mode waveguide is designed such 

20 that components of light of two different wavelengths are focused at (and outputted from) their respective output po- 
sitions (i.e., output waveguide connecting positions as described later) determined in such a manner as to allow one 
wavelength to be in a bar-coupled state, while allowing the other wavelength to be in a cross-coupled state, thereby 

allowing the powers of the components to be maximized. ~ - 

[0011] Accordingly, in both types of conventional optical multi-Zdemultiplexers, although the power of light at each 

25 wavelength is maximized at the output position, an extinction ratio, which is a ratio between powers of light of a desired 
wavelength and another wavelength, is not always maximized at the output position. This is because distribution of 
the power of light at an output end is determined by the width of a fundamental mode at the wavelength of the light, 
and a position at which the power of light is maximized or minimized (hereinafter, referred to as the "maximum light 
power position" or "minimum light power position") moves outwards within the multi-mode waveguide as the wavelength 

30 becomes longer. That is, at each output position, the power of light of one wavelength desired to be outputted is 
maximized, while the power of light of the other wavelength to be cut off is not minimized, and therefore the extinction 
ratio is not maximized at the output positions of a conventional optical multi-Zdemultiplexer of any one of the types 
described above. 

[0012] The term "extinction ratio" as used herein refers to a ratio which indicates the power of light of a desired 

35 wavelength to be outputted at one output position with respect to the power of light of a wavelength to be cut off at the 
same output position. Note that Documents 2 through 4 present the concept of the "ratio between powers of light" (i. 
e., the "contrast" or the "extinction ratio)" which indicates a ratio between powers of light at the same wavelength in 
different output positions. Thus, the concept as presented by Documents 2 through 4 is completely different from the 
concept of the extinction ratio as described herein which indicates the ratio between powers of light of different wave- 

40 lengths in the same output position. 

[0013] It depends on the use of the demultiplexer or multi-Zdemultiplexer whether prime importance is placed on the 
ratio between powers of light of different wavelengths in the same output position or on the ratio between powers of 
light at the same wavelength in different output positions. If the demultiplexer or multi-Zdemultiplexer is used for simply 
separating two wavelengths in one direction, prime importance may be placed on the ratio between powers of light at 

45 the same wavelength in different output positions as in the case of Documents 2 through 4. However, in the great 
majority of cases, e.g., as in the case of bidirectional communication, a transmitting device, as well as a light receiving 
device, is actually provided at the output side of the optical demultiplexer. Therefore, it is not practical to employ the 
conventional optical demultiplexer or multi-Zdemultiplexer which is limited to the use for simply separating two wave- 
lengths in one direction. In the case of using such a conventional optical demultiplexer or multi-Zdemultiplexer, light of 

50 a wavelength other than a desired wavelength enters the transmitting device, leading to a malfunction or performance 
degradation of the conventional optical demultiplexer or multi-Zdemultiplexer. Particularly, in the case of bidirectional 
WDM transmission, when light of a wavelength different from the transmitting wavelength enters a transmitting and 
light emitting section, such as a laser, a critical problem might be caused. Therefore, prime importance should be 
placed on the ratio between powers of light of different wavelengths in the same output position, rather than on the 

55 ratio between powers of light at the same wavelength in different output positions. 

[0014] However, the wavelength dependence of the output position at the output end of the multi-mode waveguide 
is significantly influenced by the width of the multi-mode waveguide. As in the case of Japanese Patent Laid-Open 
Publication No. 8-201 648 and Documents 2 through 4, when the width of themulti-mode waveguide is narrow, e.g., 5 
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pmto 12 ,,m,thewidthof_^ * 
power of light at each output pos.t.on on the output end « such tna wavelengtn to be cut-off. Accordingly, a 

wavelength to be outputted is close to J^^^^^ of the desired wavelength. As a result 

5 pin where the " ratio is 

(hereinafter, referred to as the " maximum ^ inCti0 p "^° n S Z" £ 201 648 and Documents 1 through 4, it is not as- 
0015] Further, in Japanese Patent ^ 6 ^ e \l ub ^2 a ength enters a transmitting and light emittmg 
sumed that light of a wavelength different from the ^"J^'^JJ^ tne extinction ratio is not considered 
section, such as a laser, of a WDM transm.tt^rece^ng module, j^jjj^ waveguide is eq ual to or 

10 as an issue of further improvement. Howev ^ m " t £^ the maximum light power postton of the 

tionratiopositioncannotbeignored. 
15 SUMMARY OF THE INVENTION 

- ^ m ss:,h:=^ 

0019) A first aspect of the present invention is ^I.exer includes a multi-mod. propagation port.on, 

multiplexed light of first and second wavelengths TIM optical, *m»p tUjn portion allows multi-mode propa- 

an input portion, and firs, and second output Pd"ns T h ™ ,?,„ , lg J ot firs, and second wavelengths 
gallon of light of the firs, and second ™?^"%£ZZ£Zw to the multi-mode propagation portion from such 
so by causing internal mode the multi-mode propagation portion. The first and 

an input position as to causa •f'"" 6 '"^ Svalengtos from the multi-mode propagate portion via 
second output portions output the „ght ottnt ^ p 9 owe(s oIth a tight ot first and second waveforms 

^rSa^^^ 

bydivdingthepoweroflightofthedes.redwavelengthbythe^ 

ratio is equal to or more than 30dB at a ^^^^^^^m^. the first output portion is located 
of the multi-mode propagation ^^^^^^'Zc^ and the second output portion is .ocated 

[0021] in the case where a phase deference between ze o ndM , „ preferred tnat the mult,- 

dir ect.onastocauseat.east one of th 9 e muIti . mode propagation port.on 

at an output end of each of the first and second wav f "^l as o cause the difference between 6, and 6 2 to 
may have such an optical path length in the ^ portion ma y have such an optica, path 

so become an Integra, mu.tip.e of n. Alternately " J*^^^ 9 ,, first and second wavelengths to become 
length in the propagation direction as to cause the powers end of each of tne firs t and second 
minimum or maximum va.ues ^ d "^i^J«* an optica, path .ength in the prop- 
wavelengths. Alternatively still, the mutt.-mode pn^jW^J of the first and seC ond wavelengths to 
agation direction as to cause the ext.ncfon rat.o at the output end of have such an optica , 

55 become equal to or more than 30 dB. ^^^^^S^ e 2 to'become an integral multiple of n. 
patMengthinthepropagationdi^ 



4 



BNSDCCID <EP 1426799A2_I_> 



EP 1 426 799 A2 



position is offset from the optical axis. Alternatively, the multi-mode propagation portion may be formed by two single- 
mode waveguides, an axis of symmetry between the two multi-mode waveguides corresponds*© an optical axis of the 
multi-mode propagation portion, and the input position is an input end of either of the two single-mode waveguides. 
[0024] In one embodiment, the multi-mode propagation portion includes: a first optical path length portion having an 

s optical path length in a propagation direction such that, in the case where a phase difference between zero- and first- 
order modes of the first wavelength is 6 1 and a phase difference between zero- and first-order modes of the second 
wavelength is G 2 , a difference between G t and 6 2 is in the range of m7i+7i/2, where m is a natural integer; and a second 
optical path length portion having an optical path length in the propagation direction such that the difference between 
&i and 6 2 is in the range of mn±Ji/2. In this case, light of the first wavelength is outputted from the first optical path 

10 length portion, light of the second wavelength is outputted from the second optical path length portion, and the first 
and second optical path length portions have different optical path lengths. Preferably, the first optical path length 
portion has such an optical path length in the propagation direction as to cause the difference between 6, and 6 2 to 
become an integral multiple of n, and the second optical path length portion has such an optical path length in the 
propagation direction as to cause the difference between 0 n and 6 2 to become an integral multiple of n. Further, the 

'5 multi-mode propagation portion may be formed by one multi-mode waveguide, the center line of the multi-mode 
waveguide may correspond to an optical axis of the multi-mode propagation portion, and the input position may be 
offset from the optical axis. Alternatively, the multi-mode propagation portion may be formed by two single-mode 
waveguides having different lengths, and an axis of symmetry between the two multi-mode waveguides may correspond 
to an optical axis of the multi-mode propagation portion. 

20 [0025] In one embodiment, the multi-mode propagation portion has an optical path length in a propagation direction 
such that, in the case where a phase difference between zero- and first-order modes of the first wavelength is 6j and 
a phase difference between zero- and first-order modes of the second wavelength is 6 2 , a difference between 0, and 
© 2 is in the range of micbn/2, where m is a natural integer, and the multi-mode propagation portion includes'fa" first 
multi-mode region capable of transmitting therethrough only multi-mode light of a shorter one of the first and second 

25 wavelengths; and a second multi-mode region capable of transmitting therethrough multi-mode light of the first and 
second wavelengths, the second multi-mode region being present downstream in a traveling direction of light from the 
first multi-mode region. In this case, the multi-mode propagation portion may have such an optical pathjength in the 
propagation direction as to cause the difference between G 1 and 6 2 to become an integral multiple of n. Further, the 
multi-mode propagation portion may be formed by one multi-mode waveguide, and the first and second multi-mode 

30 regions may be formed by cutting out a portion having a rectangular solid-shape from the input side of the multi-mode 
waveguide, such that the first multi-mode region becomes partially narrower than the second multi-mode region. Fur- 
thermore, the input position may be offset from the optical axes of the first and second multi-mode regions. 
[0026] Alternatively, the firstmulti-mode region may be formed by two former-stage single-mode waveguides used 
as a former-stage multi-mode region, the second multi-mode region may be formed by two latter-stage single-mode 

35 waveguides used as a latter-stage multi-mode region, and a space between the former-stage single-mode waveguides 
may be narrower than a space between the latter-stage single-mode waveguides. 

[0027] Further, the centers of the axes of the first and second multi-mode regions may be offset from each other. 
[0028] In one embodiment, in the case where a phase difference between zero- and first-order modes of the first 
wavelength is and a phase difference between zero- and first-order modes of the second wavelength is 8 2 , the multi- 

40 mode propagation portion may have such an optical path length in a propagation direction as to cause a difference 
between 6., and G 2 to be in the range of mji+ji/2, where m is a natural integer, and the width of the multi-mode propagation 
portion may vary along a direction of an optical axis of the optical demultiplexer. In this case, the multi-mode propagation 
portion may have such an optical path length in the propagation direction as to cause the difference between 8-, and 
G 2 to become an integral multiple of %. Further, the multi-mode propagation portion may be formed by one multi-mode 

45 waveguide, and the center line of the multi-mode waveguide may correspond to an optical axis of the multi-mode 
propagation portion. Alternatively, the multi-mode propagation portion may be formed by two single-mode waveguides, 
and an axis of symmetry between the two multi-mode waveguides may correspond to an optical axis of the multi-mode 
propagation portion. 

[0029] In one embodiment, the optical demultiplexer may further include: a first latter-stage multi-mode propagation 
so portion provided at an output end of the first output portion, the first latter-stage multi-mode propagation portion having 
the same characteristic as that of the multi-mode propagation portion; a second latter-stage multi-mode propagation 
portion provided at an output end of the second output portion, the second latter-stage multi-mode propagation portion 
having the same characteristic as that of the multi-mode propagation portion; a first latter-stage output portion for 
outputting light of the first wavelength to be separated by the first latter-stage multi-mode propagation portion; and a 
55 second latter-stage output portion for outputting light of the second wavelength to be separated by the second latter- 
stage multi-mode propagation portion. 

[0030] For example, the optical demultiplexer may further include an external electric field control section for applying 
an external electric field to the multi-mode propagation portion, and the multi-mode propagation portion is formed of 
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between the pair of electrodes. inr .,irie an external temperature control section for con- 

[0031] For example, the optical demultiplexer may further propagation portion may be formed 

[roHing the temperature of *e mufti-mode propa^ 

of athermo-optic material having a temperature ^^^^i^de propagation portion; and a temperature 
^^^^ 

the multi-mode propagation portion by W'^^^^^upled to the input side of the multi-mode prop- 

and second wavelengths. The optica Optica, element. The multi-mode propagation portion 

second output portions, a first ^"^^^^jSrtenflft. and separates powers of the light of first 
allows mu.ti-mode propagation of light of the Ur ^^™™ Jhe ,„ ^ portion inputs light to the multi-mode prop- 
and second wavelengths by causing in mode ^SSonoTthT pJL. of light in the multi-mode propagation 
agation portion from such an input posrfon an P d seC ond wavelengths from the mult.-mode 

portion. The first and second output portions outpu of ^ rs of tne light of f.rst 
propagation portion via such positions on an <^£"££^ n f£ size P of the power of light of a desired^- 

at an output end of the second output portion. includes . a liqht emitting portion for emitting light of the second 

a multi-mode propagation portion, an input P°^ n ' ^1 e ?itaM of n types of different wavelengths and separates 
multi-mode propagation of the input ™^f^^J^*^^ interference. The input portion inputs 
powers of the light of n types of different wav elengths by ™ ause separation of the powers of light in 

}5 Sght to the multi-mode propagation portion from such , an "JPjPJJJ^ „ % differ ent wavelengths from the 

40 [0036] In the case where 1=0, 1, .... n and k= . 2 n_ T j. th : and i+nn . 0 rder modes of a k + Vth wavelength 
modes of a^^-n^^h^^jJP^^^^^'^ SU ch an optica, path length in a propagat.on 

so Furthermore, the n types of different ™ Bte "|^^ 

[0 039] A fourth aspect of the present invention wnere n is a nat ura. integer. The optica, mult,-/ 

, ign t of first and second wave.engths or n ^«^^^*^ invention as an optical multiplexer, 
demultiplexer is realized by using an optica » ™ P , devjce for adjusti ng wavelength-multiplexed 
[0040] A fifth aspect of the present mvent.on is d ^ed to an op ^ & demu| , p(exjng sectlon f or 

ss tight of n types of wavelengths where ,n. a s na ^ ^ 

separating the light of n types of ^T^^S^SL^ separated by the demultiplexing section and 

fn^^ 
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demultiplexer multi-mode propagation portion allowing multi-mode propagation of the light of n types of wavelengths 
and separating powers of the light of n types of wavelengths by causing internal mode interference. The multiplexing 
section includes a multiplexer multi-mode propagation portion allowing multi-mode propagation of the light of n types 
of wavelengths and combining powers of light of the n types of wavelengths by causing internal mode interference. In 
the case where i=0, 1, .... n and k=1, 2, n-1, when a phase difference between ith- and i+11h-order modes of a k'th 
wavelength A^ is 8 k and a phase difference between i'th- and i+1 In-order modes of a k+1'th wavelength A k+1 is 9 k+1 , 
each of the demultiplexer and multiplexer multi-mode propagation portions has such an optical path length in a prop- 
agation direction as to cause a difference between 8 k and 6 k+1 to be in the range of mn±ji/2, where m is a natural integer. 
[0041] Preferably, each of the n adjusting sections may adjust at least one of a gain, a phase, and a polarized status 
for each wavelength. 

[0042] The optical device may further include an external control section, wherein the external control section is able 
to communicate with each of the n adjusting sections so as to dynamically adjust at least one of a gain, a phase, and 
a polarized status for each wavelength. 

[0043] Alternatively, the optical device may further include: an external control section; and a monitor section for 
monitoring the output of the multiplexer multi-mode propagation portion. The external control section may be able to 
communicate with each of the n adjusting sections and the monitor section and to feed back an output status of the 
multiplexer multi-mode propagation portion so as to dynamically adjust at least one of a gain, a phase, and a polarized 
status for each wavelength. 

[0044] A sixth aspect of the present invention is directed to an optical device having an add/drop function of extracting 
one of two wavelengths multiplexed in light and recombining the two wavelengths. The optical device includes: a 
demultiplexer for separating light of the two wavelengths; a multiplexer for combining light of the two wavelengths; a 
relay waveguide for relaying light of a first wavelength in wavelength-multiplexed light to the multiplexer, the relay 
waveguide being connected to the output side of the demultiplexer; a drop waveguide for guiding light of a second 
waveguide in the wavelength-multiplexed light to the outside of the demultiplexer, the drop waveguide being connected 
to the output side of the demultiplexer; and an add waveguide for guiding the light of the second wavelength back into 
the demultiplexer and relaying the light to the multiplexer. The demultiplexer includes a demultiplexer multi-mode prop- 
agation portion allowing multi-mode propagation of light of the first and second wavelengths and separating powers 
of the light of the first and second wavelengths by causing internal mode interference. The multiplexer includes a 
multiplexer multi-mode propagation portion allowingmulti-mode propagation of the light of the first and second wave- 
lengths and combining the powers of the light of the first and second wavelengths by causing internal mode interference. 
In the case where a phase difference between zero- and first-order modes of the first wavelength is 6 1 and a phase 
difference between zero- and first-order modes of the second wavelength is 6 2 , each of the demultiplexer and multi- 
plexer multi-mode propagation portions has such an optical path length in a propagation direction as to cause a dif- 
ference between and G 2 to be in the range of rrm±n/2, where m is a natural integer. 

[0045] A seventh aspect of the present invention is directed to an optical demultiplexer for separating, into two groups 
of wavelengths, input wavelength-multiplexed light of 2n types of different wavelengths A^ , A^, where n is a natural 
integer. The optical demultiplexer includes: a multi-mode propagation portion allowing multi-mode propagation of light 
of the 2n types of different wavelengths in the input wavelength-multiplexed light and separating powers of light of the 
two groups of wavelengths by causing internal mode interference; an input portion for inputting light to the multi-mode 
propagation portion from such an input position as to cause separation of powers of light in the multi-mode propagation 
portion; and two output portions for outputting the light of the two groups of wavelengths from such positions as to 
cause separation of the powers of the light of the two groups of wavelengths. The two groups of wavelengths consist 
of the group of odd-numbered multiplexed wavelengths and the group of even-numbered multiplexed wavelengths. 
[0046] In the case where k=1 , 2, n-1 , when a phase difference between zero- and first-order modes of a 2k-1'th 
wavelength X^., is 6^., and a phase difference between zero- and first-order modes of a 2kth wavelength A^ is e 2k> 
it is preferred that the multi-mode propagation portion has such an optical path length in a propagation direction as to 
cause a difference between Q 2k .^ and G 2k to be in the range of mn±it/2, where m is a natural integer. 
[0047] Preferably, the multi-mode propagation portion may be formed by one multi-mode waveguide, the center line 
of the multi-mode waveguide may correspond to an optical axis of the multi-mode propagation portion, and the input 
position may be offset from the optical axis. 

[0048] Alternatively, the multi-mode propagation portion may be formed by two single-mode waveguides having 
different lengths, and an axis of symmetry between the two single-mode waveguides may correspond to an optical 
axis of the multi-mode propagation portion. 

[0049] In the case where k=1 , 2, n-1 , when a phase difference between zero- and first-order modes of a 2k-1 'th 
wavelength A.^., is fi^., and a phase difference between zero- and first-order modes of a 2kth wavelength A^ k is 6 2k , 
the multi-mode propagation portion includes: a first optical path length portion having such an opticatpath length in a 
propagation direction as to cause a difference between fl 2k _., and G 2k to be in the range of mn±Tt/2, where m is a natural 
integer; and a second optical path length portion having such an optical path length in the propagation direction as to 
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■ *u „f rr^^io ThA nrouD of the odd-numbered multiplexed wave- 

a difference between 0a , n and 6 2k to be .n the range o « Th group o i n, multiplexed wave- 

portions may have : lerent optical path lengths. multi-mode waveguide, the center line of 

position may be offset from the optical axis. single-mode waveguides having 

axis of the multi-mode propagation portion. 

lurther include: a first latter-stage multi-mode propagation P^SS^^SSo same characteristic as that of 
portion for guiding the group of odd-numbered multiplexed wave. ^ portion optically connected to the 

the multi-mode propagation portion; a second latter-stage ™£^™S^ wavelengths and having the same 
output end of theoutput portion fo^^ 

characteristic as that of the multi-mode portio n. a se cond latter-stage output 

of 4k-3th wavelengths separated by the first latter-s age mub^ P W P ^r sSge mufti-mode propagation por- 
portion for outputting the group of 4k- 1 th wavelengths separated by ^^^^ by L second umer- 

lengths separated by the second latter-stage for separating input wave- 

[0055] An eighth aspect of the present invention « directed I to an °P £ multi-mode propa- 

.ength-mu.tip.exed light of first and ^JJ^^^S^^^ng interna, mode interference, the 
gation portion for separating powers of light of third and the fourth wavelength being offset 
third wave.ength being offset from the first wavelength by a P^^J^^^ 'putting light to the first multi-mode 
from the second wave.ength by a prescribed , ig ht in the first multi-mode prop- 

propagation portion from such an input position as to cause separat wn - or P™ « pro pagation portion in such 
agation portion; a first output portion provided to a^ 

a position as to cause separation of the powers of light of the third \uM tourm a ^ thjrd 

raSo indicating the size of the power of [f^^ 
wavelength; a second output^ 

aposition asto cause separationofthepowers of light of theth.rdandfourt^ of the third 

ra'o indicating the size of the power of light of ^^^^^^^ of fifth a'nd sixth ^ 
wavelength; second and third mufti-mode propagation P ort.o^^^^ 

lengthsby causing interna, mode t "nf«^ wavefength being offset 

wavelength in a direction opposite to a ^^^^J^ opposite to a direction of the offset of the fourth 
from the second wavelength by a prescribed wavelength in a direction opp propagation portion in such 

wave.ength; a thirdoutputportion^^ 

a position as to cause separation of powers of light of the frft .and Is ™ ^ tne p 0wer of , ight of the fifth wavelength; 
indicating the size of the power of light of the sixth w«£»*n «Jhn ^^^^J portion in SUC h a position 

'and sixth wavelengths ma, be symmetric with respee. ,o .bested ion portion 
[0057] in th. present invention, distribution of powers ol ght ^'"habged ,£m th. n** J p , c be DUt . 
by causing mod. interference therein, thereby sepa-atrng *°J™^«^^ZlZ^W*i 
pu«ed. Accordingly, nisposs^^ 

tured with the multi-mod. propagation p od.o ' ~"=" s »" ' °ZLd from sueh positions as to maximize the extinction 
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extinction ratio can be obtained. Thus, it is made easy to provide an optical demultiplexer or optical multi-/demultiplexer 
capable of separating only light of a desired wavelength, while cutting off unnecessary wavelengths. 
[0059] Furthermore, by configuring the multi-mode propagation portion so as to have such an optical path length 
which is in the range of mn±n/2, where m is a natural integer, mode interference between zero- and first-order modes 

5 is caused within the multi-mode propagation portion, so that the powers of light alternately move up and down in a 
traveling direction of the light. In the case where an optical path length is provided.such that a phase difference between 
two wavelengths is caused to be in the range of rrm±n/2 due to chromatic dispersion resulted from the mode interfer- 
ence, i.e., due to the wavelength dependence of propagation coefficients for changing the powers of light, the powers 
of light are distributed so as to become almost symmetric with respect to the center line of the multi-mode propagation 

10 portion. By outputting light of the two wavelengths from positions where the powers of light of the two wavelengths are 
almost separated, it is made possible to readily separate the two wavelengths. Accordingly, it is possible to provide an 
optical demultiplexer or optical multi-/demultiplexer simply structured with the multi-mode propagation portion consist- 
ing of waveguides without using a dielectric film filter or the like. 

[0060] Further still, by configuring the multi-mode propagation portion so as to have such an optical path length as 
is to cause at least one of the powers of light of the first and second wavelengths to be maximized or minimized at an 
output end of each of the first and second wavelengths, it is made possible to enhance the extinction ratio at each 
output end. 

[0061] Further still, by configuring the multi-mode propagation portion so as to have such an optical path length as 
to cause the difference between the phase differences e n and 6 2 to become an integral multiple of n, the optical path 
20 length itself is also caused to become an integral multiple of n. As a result, the powers of light of the first and second 
wavelengths are completely separated at each output end of the wavelengths, and therefore it is possible to perform 
an optical demultiplexing operation with higher precision. 

[0062] Further still, by configuring the multi-mode propagation portion so as to have such an optical path length as 
to cause the powers of the light of first and second wavelengths to become inverted extremums, the power of light of 
25 the first wavelength is caused to be maximized at the output end of the first wavelength and the power of light of the 
second wavelength is caused to be minimized at the output end of the first wavelength. Moreover, at the output end 
of the second wavelength, the powers of light of the first and second wavelengths are caused to become minimum 
and maximum, respectively. Thus, it is possible to obtain a higher extinction ratio. 

[0063] There are no problems for practical use of the optical multi-mode propagation portion having such an optical 
30 path length as to cause the extinction ratio to become 30dB or more at each output end of the first and second wave- 
lengths. 

[0064] In this case, the optical path length is caused to become an integral multiple of n. As a result, the power of 
light of the first and second wavelengths are completely separated at each output end of the wavelengths, and therefore 
it is possible to performanopticaldemultiplexingoperationwithhigherprecision. 
35 [0065] By forming the multi-mode propagation portion with one multi-mode waveguide, it is possible tosimply struc- 
ture the optical demultiplexer. 

[0066] Alternatively, by forming the multi-mode propagation portion with two single-mode waveguides, it is possible 
to simply structure the optical demultiplexer. 

[0067] Further, by providing the first and second optical path length portions having different lengths, it is made 
40 possible to separate the powers of light with a shorter optical path length, thereby making it possible to provide a 
compact optical demultiplexer. 

[0068] Furthermore, by causing mode interference of a shorter wavelength in the first multi-mode region, it is made 
possible to shorten the optical path length required for a final phase difference in variation of the power of light, thereby 
making it possible to provide a compact optical demultiplexer. 
45 [0069] Further still, by cutting out a portion having a rectangular solid-shape from the input side of the multi-mode 
waveguide, mode interference of the shorter wavelength is caused to occur first in a narrowed region of the multi-mode 
waveguide, thereby making it possible to make the optical demultiplexer more compact. 

[0070] Further still, by forming the first and secondmulti-mode regions such that their respective centers of optical 
axes become offset from each other, it is made possible to shorten the optical path length required for a final phase 
so difference in variation of the power of light. 

[0071] Further still, by providing two former-stage single mode waveguides used as a former-stage multi-mode re- 
gion, such that mode interference of the shorter wavelength is caused to occur first, it is made possible to make the 
optical demultiplexer more compact. 

[0072] Further still, by forming the first and secondmulti-mode regions such that their respective center axes become 
55 offset from each other, it is made possible to shorten the optical path length required for a final phase difference in 
variation of the power of light. 

[0073] Further still, In the multi-mode propagation portion having such an optical path length as to cause a difference 
between 6, and 6 2 to be in the range of mit±7i/2 and having such a width as to vary along a direction of an optical axis 
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o, the optica, demurer, - intervene* o. me shorter wavelength is caused ,e eeeer brat, .hereby making » 
^S^SSrSTJSS-. P— . pedions . * made possible ,e separate 
— gTwithhigherp^ 

S5T ~« »"S ~, h '£ZZZ» — . ? possibie to provide a s,m pt y 
structured optical demultiplexer capable ol dynamically control the extinction raw, change 

Sa^^^ 

STS^JS ™;^rctma, seCon, . is made posalble to provide a simpty 
obtaining a higher extinct.on rat.o. ^antaaes of the present invention will become more ap- 

^L^orr^ 

drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 



[0083] 



FIG 1 is a diagram schematically llluatrating the structure o( an optica, demultiplexer 100a according to a «rat 

SSTSf ™ aBPM rulalSn L- showing de,ai,ed distribution o, the power C iigbt ot a wavelength 
^sSrs^lTabo^ 

^Targrm^rC—g the structure o, an optica, demu,»p,exet ,00c according to a tourth 
-he stmcture o, an optica, demuaiplexer , OOd acceding to a tibb 

^rd^s^ 

embodiment of the present invention; riwnultiDlexer 101f including n parallel 

demultiplexer 100f according to the seventh embodiment; 
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FIG. 13 is a diagram schematically illustrating the structure of an optical demultiplexer 100g according to an eighth 
embodiment of the present invention; — 
FIG. 14 is a diagram schematically illustrating the structure of an optical demultiplexer 101 a in an exemplary case 
where a refractive index of a multi-mode propagation portion is changed by applying an electro-optic effect; 
FIG. 15 is a diagram schematically illustrating the structure of an optical demultiplexer 102a in an exemplary case 
where a refractive index of a multi-mode propagation portion is changed by applying a thermo-optic effect; 
FIG. 16 is a diagram schematically illustrating the structure of an optical multiplexer 200a according to a ninth 
embodiment of the present invention; 

FIG. 17 is a diagram schematically illustrating the structure of an optical multiplexer 200b according to a tenth 
embodiment of the present invention; 

FIG. 1 8 is a diagram schematically illustrating the structure of an optical multiplexer 200c according to an eleventh 
embodiment of the present invention; 

FIG. 19 is a diagram schematically illustrating the structure of an optical multiplexer 200f according to a twelfth 
embodiment of the present invention; 

FIG. 20 is a diagram schematically illustrating the structure of an optical multiplexer 20H including a high-order 
multi-mode propagation portion 21 3f consisting of n single-mode waveguides 223f; 

FIG. 21 is a diagram schematically illustrating the structure of an optical multiplexer 210a in an exemplary case 
where a refractive index of a multi-mode propagation portion is changed by applying an electro-optic effect; 
FIG. 22 is a diagram schematically illustrating the structure of an optical multiplexer 202a in an exemplary case 
where a refractive index of a multi-mode propagation portion is changed by applying a thermo-optic effect; 
FIG. 23 is a diagram schematically illustrating the structure of a WDM gain adjuster 300a according to a thirteenth 
embodiment of the present invention; 

FIG. 24 is a diagram illustrating the structure of a WDM add/drop 300b according to a fourteenth embodimehfof 
the present invention; 

FIG. 25 is a diagram schematically illustrating a WDM transmitter/receiver module 300c according to a fifteenth 
embodiment of the present invention; 

FIG. 26 is a diagram schematically illustrating a WDM interleaver 300d according to a sixteenth embodiment of 
the present invention; 

FIG 27 is a diagram schematically illustrating the structure of a WDM interleaver 300e according to a seventeenth 
embodiment of the present invention; 

FIG. 28 is a graph illustrating wavelength characteristics of a transmission/cut-off loss in a former-stage demulti- 
plexing portion; 

FIG. 29 is a graph illustrating wavelength characteristics of a transmission/cut-off loss in a latter-stage demulti- 
plexing portion; and 

FIG. 30 is a graph illustrating wavelength characteristics of a transmission/cut-off loss in the entire optical demul- 
tiplexer according to an eighteenth embodiment. 

DESCRIPTION OF THE PREFERRED EMBODIMENTS 

[0084] Hereinafter, embodiments of the present invention will be described with reference to drawings. 
(First Embodiment) 

[0085] FIG. 1 is a diagram schematically illustrating the structure of an optical demultiplexer 100a according to a first 
embodiment of the present invention. Note that in FIG. 1 .waveguide modes (hereinafter, simply referred to as "modes") 
of light propagating through the waveguide are schematically illustrated such that the behavior of the propagating light 
is clearly understood. 

[0086] In FIG. 1 , modes at a wavelength of 1 . 30 um are indicated by bold curves, and modes at a wavelength of 
1 .55 um are indicated bydottedcurves. In the figure, the orders of the modes are clearly distinguished by the shapes 
of the curves and labels. Note that the bold and dotted curves are not intended to specify exact modes at the positions 
on the waveguide where the curves are illustrated. Accordingly, in order to specify which curve indicates a mode at 
what position on the waveguide, positions of the modes are indicated by the labels. For example, in FIG. 1 , the label 
"1.30 urn light input end zero-order mode" represents the zero-order mode light of a wavelength of 1. 30 um at the 
input end of a multi-mode waveguide 1 02a. Also, in other figures related to other embodiments, similar labels are added 
in order to provide similar indications, except if otherwise specified. 

[0087] In FIG. 1, the optical demultiplexer 100a includes: a single-mode input waveguide 101a; the multi-mode 
waveguide 1 02a; a first single-mode output waveguide 1 03a; a second single-mode output waveguide 1 04a; a substrate 
106a; and V-grooves 105a, 115a, and 125a formed in the substrate 106a. 
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[00 8 8] .nthecasewhereaphasa^^ 
andaphasedifferencebetweenzero-andfirst-ordermod^ 

102a has such an optical path length as to cause a * fferenTO /^" ° e ^ th of an optical path in a direction along 
multiple of «. The term "optical path length" as used harem re ers to the length of ^ ^ ^ 

which' light propagates, e. g. .the longit udina. length of ^^^^^Zsc^ later, 
murti-mode waveguide 1 02a has such an optica, pa* *W "put side of the multi-mode waveguide 

opposite positions with respect to the center line 112a of ^^^^^^ waveguides 103a and 
the'output side of the multi-mode waveguide 102a. The ^^^^the^-ngle^ 

l 1 02a, and the first and second f^^^^^^TL connect a sing.e-mode input optica. 
[00921 The V-groove 105a is formed m the substrate 106a m oraer g substrate 106a 

| iber 7 with the input end of the single-mode input = 

in orderto align and connect a first ""^f^^S^SSa i "de to align and connect a second single-mode 

optica, fiber". Accordingly, hereinafter, the single-mod^ '^J^^ 7 , tne first sing.e-mode 

1 03a, the second single-mode output wavegu.de 1 04a ^.^^^^'^.y^eferred to as the "input waveguide 

~e^^ 

[0095] The dimensions of the waveguides used tn the BPM simulat ons o ■ wav eguide axial 

core refractive index: about 1 .505. Consider a case where single-mode 

[0096] In FIG. 2A, the behavior of light of a wavelength of 1 30 urn ' s ^own . uons 102a 
light of a wave.ength of 1 . 30 ,m enters from the ^J^^^^^^^Z mu.ti-mode waveguide 
in such a position that the optica, axis thereof light under the zero- and first-order 

10 2a illustrated in FIG. 2A, the light of a wave , engtt .of 1 3C ^ s ^ ,d ^ Version between the zero- and first-order 
modescharacteristic of the ™*^^%J££ in propagattn coefficients between the zero- and f list-order 

1 03a and propagates therethrough. Similar to the light of a wavelength of 

[0097] in F.G. 2B. the behavior o. light of a wave length of 1 .55 ^ h0 ^^ of 1 .55 is divided into light 
l 1 .30 urn, in the mu.ti-mode waveguide 1 02a «atec in ^^^'^^ of 1 .55 .m propagates 
under the zero-and first-order modes. Due to the modal . l " att * rnate , v moves up and down to the right in 
so through the mu.ti-mode waveguide 102a, ^J^J^^J^^ waveguide 104a and propagates 
FIG. 2B. Thereafter, the light of a wavelength of 1 .55 urn enters 

therethrough. nnuupr _ f i iant di ff er between the wavelengths of 1 .30 

[0098] The propagation coefficients for the ^7^°^,^ °3e^ch wavetenglh, i.e., due to wavelength 
am and 1 55 um due to chromatic dispers.on resulted from modal dspers.on or eacn y 

55 cTacteristics of propagation coefficients of a„ modes of n o^site phases (i.e., the 

.ength which causes the powers of light of ^^^ | ^^ e ^ , ig „t of wavelengths of 1 .30 ,m and 
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at an output end face of the multi-mode waveguide 102a. The length of the multi-mode waveguide 102a corresponds 
to the optical path length as described above, and therefore, as shown in FIGs. 2A and 2B, tt»e light of wavelengths 
of 1 . 30 pm and 1 .55 pm is separated in the vertical direction. 

[0099] Accordingly, in the case of the optical demultiplexer 1 00a, the optical path length of the multi-mode waveguide 
5 102a is determined such that the first output waveguide 103a, which guides light of a wavelength of 1 .30 pm, and the 
second output waveguide 1 04a, which guides light of a wavelength of 1 .55 pm, are provided in the vicinity of the location 
at which light of wavelengths of 1 .30 pm and 1 .55 urn is separated into light of a wavelength of 1 .30 pm and light of a 
wavelength of 1 .55 um. As described later, the first and second waveguides 103a and 104a are connected to the output 
end of the multi-mode waveguide 102a at positions X., and X 2 , respectively. By determining the optical path length of 
10 the multi-mode waveguide 102a as described above, it is made possible to allow the optical demultiplexer 100a simply 
structured with the waveguides to separate the light of wavelengths of 1 .30 pm and 1 .55 urn into light of a wavelength 
of 1 .30 pm and light of a wavelength of 1 .55 urn 

[0100] Next, detailed description is provided as to how the optical length of the multi-mode waveguide 102a is de- 
termined. FIGs. 3A and 3B are diagrams representing BPM simulation results showing detailed distribution of the 
15 powers of light of wavelengths of 1 . 30 pm and 1 .55 pm propagating through the multi-mode waveguide 102a. Specif- 
ically, in FIG. 3A, distribution of the power of light of a wavelength of 1 .30 urn is shown, while in FIG. 3B, distribution 
of the power of light of a wavelength of 1 .55 pm is shown. 

[0101] The dimensions of the waveguides used in the BPM simulations of FIGs. 3A and 3B are as follows: multi- 
mode waveguide length Lm: about 1 0000 pm; multi-mode waveguide width Wm: about 1 9.5 ujti; input waveguide axial 

20 offset x: about 5. 7 um; first output waveguide axial offset p 1 : about 4.6 pm; second output waveguide axial offset p 2 : 
about 5.1 um; waveguide cladding refractive index: about 1.500; core refractive index: about 1.505. 
[0102] FIG. 4 is a graph used for describing that a phase difference in movement between powers of light is set so 
as to become substantially an integral multiple of it. Note that in order to study an optimum optical path length; the 
simulation results of FIGs. 3A and 3B are produced in the state where the length of the multi-mode waveguide 102a 

25 is set so as to be longer than an estimated optimum optical path length. Hereinbelow, referring to FIGs. 1 , 3A and 3B, 
the description as to how the optical path length of the multi-mode waveguide 1 02a is determined is provided, following 
the detailed description of the mechanism of wavelength separation. 

[0103] As in the case shown in FIG. 1 , when single-mode light of wavelengths of 1 .30 pm and 1 .55 pm is inputted 
from an input position of the multi-mode input end, i.e., the input waveguide 101a provided such that the optical axis 

30 thereof becomes offset from the center line 112a of the multi-mode waveguide 102a, the zero- and first-order modes 
at each wavelength interfere with each other, i.e., mode interference occurs between the zero- and first-order modes 
for each wavelength. Note that in Table 1 shown below, the input position is denoted by X. As shown in FIG. 3A, the 
power of light of a wavelength of 1 .30 pm propagating through the multi-mode waveguide 1 02a is caused by the mode 
interference to vary such that maximum and minimum values of the power of the light alternately appear on two straight 

35 lines, i.e., a first 1 .30 pm light power variation line which passes a multi-mode waveguide output end point P 1a so as 
to be parallel to the center line 1 1 2a, and a second 1 .30 pm light power variation line which passes point P 1b symmetric 
to P 1a with respect to the center line 112a so as to be parallel to the center line 112a. Moreover, the power of light 
varies across the two straight lines such that the maximum and minimum values are inversely-correlated with each 
other. Accordingly, the power of light of a wavelength of 1 . 30 pm appears as if it propagates through the multi-mode 

40 waveguide 1 02a while moving alternately on the two straight lines. 

[0104] Similar to the light of a wavelength of 1 . 30 pm, as shown in FIG. 3B, the power of light of a wavelength of 1 . 
55 pm propagating through the multi-mode waveguide 102a is caused by the mode interference to vary such that 
maximum and minimum values of the power of light alternately appear on two straight lines, i.e., a second 1 55 pm 
light power variation line which passes a multi-mode waveguide output end point P 2a so as to be parallel to the center 

45 line 112a, and a first 1 .55 pm light power variation line which passes point P 2b symmetric to P^, with respect to the 
center line 112a so as to be parallel to the center line 112a. Moreover, the power of light varies across the two straight 
lines such that the maximum and minimum values are inversely-correlated with each other. Accordingly, the power of 
the light of a wavelength of 1 .55 pm appears as if it propagates through the multi-mode waveguide 102a while moving 
alternately on the two straight lines. In this case, P 1a *P 2b and P 2a *P 1b .The reason for this is that spreading distribution 

so in the width direction of the multi-mode waveguide 1 02a differs between the wavelengths, and the longer wavelength 
spreads wider. 

[0105] In the case where a propagation coefficient of the zero-order mode at a wavelength of 1.30 pm is p^,, a 
propagation coefficient of the first-order mode at a wavelength of 1.30 pm is p, t , a propagation coefficient of the 2ero- 
order mode at a wavelength of 1 .55 pm is fj ]0 , and a propagation coefficient of the first-order mode at a wavelength of 
55 1 . 55 pm is Pj,, as is apparent from Table 1 shown below, mode addition conditions and mode cancellation conditions 
on the first variation lines are set such that phase differences between the modes (i.e., 8 1 =(P i o-Pii) x Li n , and (P^- 
pj^xLjm) appear in a cycle corresponding to an integral multiple of ji based on differences in propagation coefficients 
between the modes ((fa-fti) and (pjo-Bji))- 
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Table 1: 



mode interference conditions of wavelengths (m: integer) 



wavelength 



propagation coefficient 



0-order mode 1 st -order mode 



PiO 



^egaWnWg ij! ^ L '" a '" d L| " # jj|g ^g^Ig5 



mode addition conditions of 
wavelengths on 1 g, variations 
lines 



(PiO -Pii)Lim-2mn 
-ftji) L im= 2rm 



mode cancellation conditions 
of wavelengths on 1 s, variation 
lines 



[01061 in orderto separate light of wavelengths o,1 = 1. ^"J^Si 
ight power extremum inversion condibon V^JS^Z^ oUhe multi-mode waveguide 102a". 
wavelengths of 1 .30 urn and 1 . 55 urn are inverted at the output en of th ca , culated An optical path 

(p i'O - p i1) L=2mit 



(p/0-p71)L=(2m + 1)7t 



Expression 1 



wave9u r io2a ' which satis,ies the " ,,i9ht power 

Sire SJ ^condi. is represented by the following Expression 3. 

2 „ |j B ~l 

L= g i0 -3ir INT U 3jO-3il-(3iO-^iO J. . . Ex p r ession 3 

becomes an integral multiple of n. 

6 it 7 k Expression 4 

L= p/o-p/1 = pyo-pyi 
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condition, components of light of wavelengths of 1 . 30 pm and 1 . 55 u.m are present on the first 1 .30 |im light power 
variation line and the second 1 .55 u.m light power variation line, respectively. Accordingly, in tho* ase where the optical 
path length of the multi-mode waveguide is L, when X, = P 1a and X 2 = P 2a . 's possible to separate the wavelengths 
1.30 um and 1.55 urn. 

5 [0112] As described above,, in the first embodiment, in the case where a phase difference between the zero- and 
first-order modes at a wavelength of 1 .30 u.m is 9, and a phase difference between the zero- and first-order modes at 
a wavelength of 1 .55 u,m is 8 2 , the multi-mode waveguide 1 02a has such an optical path length as to cause a difference 
between G-, and 6 2 to become substantially an integral multiple of it. Further, the input waveguide is connected to the 
multi-mode waveguide 102a in such a position that the optical axis thereof becomes offset from the center line 112a 

io of the multi-mode waveguide 1 02a, and the first and second output waveguides 1 03a and 1 04a are provided in opposite 
positions with respect to the center line 1 02a. Thus, it is possible to separate light of wavelengths of 1 .30 pm and 1 .55 
pm. The optical demultiplexer according to the first embodiment is simply structured with the multi-mode optical 
waveguide, and therefore can be provided at low cost. 

[0113] Further, the optical demultiplexer according to the first embodiment can achieve wavelength separation per- 

'5 formance similar to that achieved by a conventional demultiplexer. 

[0114] Furthermore, in the first embodiment, the extinction ratio can be enhanced by completely satisfying the light 
power extremum inversion condition, and therefore highly precise light separation can be realized. 
[0115] Note that the mode propagation coefficient p at each wavelength is determined by, for example, the shape 
and material refractive index of the multi-mode waveguide, and therefore by optimizing the shape and material refractive 

20 index of the multi-mode waveguide, it is possible to obtain the optical wave length L which satisfies the light power 
extremum inversion condition. 

[0116] For example, the shape of the multi-mode waveguide can be optimized by optimizing lengths of three sides 
of a rectangular solid along an optical axis or optimizing a distance between opposed side faces in directions toward 
which light is separated, so as to change along the optical axis". 
25 [01 17] The material refractive index of the multi-mode waveguide can be optimized by, for example, using a material 
having optimum chromatic dispersion of the refractive index or using a material having an optimum refractive index 
profile. 

[0118] In the case of using a material having large chromatic dispersion of the material refractive index, a difference 
between propagation coefficients of wavelengths becomes large, and therefore it is possible to realize a shorter optical 
so path length L. 

[0119] In the first embodiment, length L 2 or L 3 shown in FIG. 3A and 3B, which does not satisfy the light power 
extremum inversion condition, may be set as the optical path length since the length L 2 is in the neighborhood of the 
length L 1 , which cause the phase difference between maximum powers of light to be an integral multiple of n, and the 
length L3 causes the phase difference between maximum powers of light to be in the neighborhood of an integral 

35 multiple of jc. As can be seen from FIG. 4, the length L 2 is in the neighborhood range of the length L.,, which corresponds 
to the range where the power of light becomes half the maximum power (e. g. , decrements of 3dB from the maximum 
power) and also corresponds to the range of a phase difference between maximum powers of light with ±n/2, i.e., the 
range of mn±n/2, where m is a natural integer. The neighborhood range of the length L 3 also corresponds to the range 
where the power of light becomes half the maximum power (e. g. , decrements of 3dB fromthemaximumpower) . i.e., 

40 the range of rrwt±Ji/2. 

[0120] . Note that even when the light power extremum inversion condition is not completely satisfied, a satisfactory 
extinction ratio can be obtained if the multi-mode waveguide has such an optical path length as to cause the power of 
light of at least one wavelength to be maximized or minimized at each output end. 

[0121] For clarification, although the first embodiment has been described with respect to the case where the max- 
"5 imum order mode is the first-order mode, modes of higher orders, such as a second-order mode and a third-order 
mode, are actually present. Accordingly, the actual variation of modes is complicated. In principle, the chromatic dis- 
persion occurs along with modal dispersion of each wavelength, and therefore by determining the shape of the multi- 
mode waveguide such that a phase difference in movement between powers of light caused by the modal dispersion 
of each wavelength becomes substantially an integral multiple of 71, it is made possible to maximize the powers of light 
50 of desired wavelengths in their respective output positions. 

(Second Embodiment) 

[0122] An optical demultiplexer according to a second embodiment of the present invention has a structure similar 
55 to that of the optical demultiplexer according to the first embodiment, and therefore is described with reference to FIG. 
1 . The first embodiment has been described mainly with respect to how the optical path length of the multi-mode 
waveguide 102a is determined. In the second embodiment, there is proposed an optical demultiplexer capable of 
cutting off an unnecessary wavelength and obtaining only a desired wavelength in the case where the multi-mode 
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waveguide h asanop«^^ 

1 02aatwhichthefirst and second outputwavegu,de^ 

[0123] FIG. 5 is a graph illustrating distribution of the powe ofhgM at - - _P ^ denoted by 

02a. in F.G. 5, output positions corresponding to he ou*ut ^^^i"^ out put end face of the mutti- 
the same reference characters. The output positions indicated in F G. 5 are pre > rf farther 

mode waveguide 102a. As can be seen from FIG. 5, ^^^^^H 1 33 1-". In the case where only 
away from the vertical axis as compared to extremu ^J^^^^J^ output waveguides 
transmission loss is considered, as described at ove t , a Jq u ate* COn ctively . However, a wavelength to be 
10 3a and 104a to the multi-mode ^^^^^^^^^sn desired wavelengths 
cut off is not minimized at each of the points P, jand ana tn ^ . & ^ satlsfactory . 

are output. In such a case, the extinction ratio l f^^J h ^3 accordingly, the first output waveguide is 
[01241 In the optical demultiplexer according to the second ^™™*™> a ™ Jized, and the second output 
connected at a point Q 2a , where the power of ligh J^™*^ ^Z^oZo^ is minimized. This allows 
waveguide is connected at a point Q 1a . where the power ^ ^^3,™ large at the connecting end of the 
the decreasing ratio ofthe power of the W«™Z^«£^^W<* a wavelength of 1.30 urn. 
first output waveguide as compared to decreasing raU ^of the p ^ transmjssjon loss 

Therefore, it is possible to obtain an optimum extincton ratio 300 wavelengtn o{ 1 .30 urn to become 

,ess than or equal to 1 dB. Similarly, the decreasing ne decreasing ratio of the power of the 

large at the connecting end of ^^^^^L extinction ratio of 30dB or more, while 
light of a wavelength of 1 .55 urn. Therefore, ,t ,s possible to od H n 5 beloW| tne extinc t IO n ratio 

keeping the transmission loss less than or equal ^^Tg^^ qU otient obtained by dividing thepower 
is obtained as a value corresponding to ten times %£££^ « b wavelength to be cut off. In the case of 
of light of a desired wavelength to be °"^e d by the o we of ' ° ^comes equal to or more than 

5 S^ttpt^ 



ratio can be obtained. 



POWER OF LIGHT OF 
DESIRED WAVELENGTH 
EXTINCTION RATIO = 10 log ■ P0W ER OF LIGHT OF 



WAVELENGTH TO BE CUT OFF J 

• Expression 5 



CO,*, Thus,*aseconder*od i tnen,pr»v,d,s^^^^ 
^"eiarnpie.as^ 

wavelength is outputled is Provided* , l*TZ^Z*m?«*<M waveguide is provided at a position where 
Becomes equal to ot more than 50dB. On the J""*"^ " ™ '^ion ratio becomes about 25dB. Thus, when 
the ligh, ot a desired wavelength to be output. e <« « zed, the : e*.n ^ ^ ^ „ here 

the output waveguide from which ^.^'J^^X^m enhanced, and there.ore it is possible to 

;rrro^re^ 
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relationships between extinction ratio and connecting positions (X, X-,, and X 2 ) of input/output waveguides 


input/output 
waveguide 
arrangement [u.m] 


output 


loss [dBJ underlined: transmission loss 
unlined: cut-off loss 


extinction ratio [dB] 


1 .30 urn wavelength 


1 .55 um wavelength 


(1) minimum 
arrangement x=5.7, 
x 1 =4.6(X 1 =Q la ), 
x 2 =5.1(X 2 =Q 2a ) 


X1 


0.80 


58.30 


57.50 


X2 


55.54 


0. 65 


54.89 


(2) maximum 
arrangement x=5.7, 
x,=5.1 (X 1= P 1a ), 
x 2 =4.6(X2=P 2a ) 


X1 


0.68 


28.09 


27.41 


X2 


25.75 


0.56 


25.19 


(3) output mirror 
symmetric 
arrangement 
x=x 3 =x 4 =5.7 


X1 


1.04 


13.67 


12.63 


X2 


14.26 


0.75 


13.51 


(4) output mirror 
symmetric 
arrangement 
x=x 3 =x 4 =Wm/ 
4=4.875 


X1 


0.60 


22.10 


21 .49 -- 


X2 


29.33 


0.40 


28.93 


(5) output mirror 
symmetric 
arrangement 
x=x 3 =x 4 =W/3=6.5 


X1 


1.87 


9.10 


7.23 


X2 


10.09 


1.55 


8.54 


(6) output mirror 
symmetric 
arrangement 
x=x 3 =x 4 =W/6=3.25 


X1 


3.03 


4.36 


1.33 


X2 


4.96 


2.92 


2.04 


Note: multi-mode waveguide shape: \ 
first output waveguide connecting positior 
of 1 .30 u.m; Q 1a : minimum point of 1 .30 \i 


Wm=19, 5 um, Lm=6550 u.m; X: input waveguide connecting position; X1 : 
; X2: second output waveguide connecting position; P-| a : maximum point 
m; P 2a : maximum point of 1.55 um; Q 2a : minimum point of 1.55 \vrn. 



[0127] In Table 2, small letter "x" denotes a distance of offset between the input waveguide and the center axis of 
the multi-mode waveguide; "x.," denotes a distance of offset between the first output waveguide and the center axis of 
the multi-mode waveguide; and "x 2 " denotes a distance of offset between the second output waveguide and the center 
axis of the multi-mode waveguide. In table 2, the term "transmission loss" refers to a loss of a desired wavelength to 
be outputted, and the term "cut-off loss" refers to a loss of a wavelength to be cut off. 

[0128] Note that in addition to connecting the output waveguides to the multi-mode waveguide at maximum or min- 
imum points on the output ends thereof where the power of the wavelength to be cut off is maximized or minimized, 
the distances of offset between the center axis and the input and output waveguides are also equalized by providing 
the output waveguides mirror-symmetrically with respect to the center axis of the multi-mode waveguide. In the case 
of providing the output waveguides mirror-symmetrically, however, as is appreciated from (3) through (6) of Table 2, a 
satisfactory extinction ratio cannot be obtained unless a maximum or minimum point of each wavelength is selected 
in consideration of the distribution of the power of light of each wavelength on the output ends. 

[0129] As can be seen from Table 2, variations of the transmission loss are slight, and thus it is understood that the 
second embodiment provides an optimum structure in which the output waveguides are connected to the multi-mode 
waveguide at minimum points of wavelengths to be cut off where the cut-off loss of the wavelengths, which regulates 
the extinction ratio, is maximized. 

[0130] As described above, it is effective to provide the output waveguides at positions where the extinction ratio is 
maximized, in particular, when the multi-mode waveguide has a refractive index of 2.0 or less, or a width of 15 um or 
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more. ,n the case - using a multi-mode — guid e ^e, o = b^ga — «« 

greater than 2.0, the entire demu,tiplexer itself is required to become J^J^ ^ of tne fundam enta, mode of 
L multi-mode waveguide is required to become about 5 ^m to 12.6 s ^ ^ ^ 

each wavelength becomes small. Accordingly n the case o ^"JJ*^ of ljg P ht o{ a deS ired wavelength to be 
index is greater than 2.0, in each ^J^^^^^^^Lm light power point") is in proximity to 
outputted is maximized (hereinafter, such a pomt « ^J^^J. such a point is referred to as 

a point at which the power of light of a wavelength to be cut off ,s mu«ro zed be ^ ^ maxjmum ^ 

the "minimum light power point"), and therefore a saUsfa ^ a mult , mode waveguide formed of a 

power point of the desired wavelength. On the pother hand n the ^ itseH is req uired to become 

semiconductor material having a refractive ' nde \^ "Jess, ^ e ™ t0 become about 15 um or more. As 

(Third Embodiment) 

,0131, H-isadiagramschema^ 

;r P r e ™^ 

S^^the optica, — 

which includes optical paths having d.fferent ton ^£^*££. La, 115a and 125a. 
1 04a; a substrate 1 06b for securing the above <^£^^£Z3h portion 112b having a rectangular solid- 
, [0133] ThemuM-modewavoguldo1<^^^^ 

L shape, and asecond optica, path length ^^'^V- P"* P ort "' 0n 122b " 

of the first optica, path ,ength portion 112b . to "*^ ** ^* *** C _ or6er Ldes at a wavelength of 1 .30 um is ft, 
[01 341 In the case where a phase difference between zero and W ^ ^ optica| path 

Lnd a phase difference between zero- ^^^"^^^S^^ and 9 2 to become substantially 

° L^n^ 

S^iSthe first optica, path lengt,^ 

optical path length as to cause a difference between £ "J^SSTi um from the output end thereof. 
35 second optical path length portion 1 22b p r o Vide S in such a position that the optica. axis 

[0136] Simitar to the first embodiment, the > input wavegu ^ 1 ° 1a ^ P 1Q2b Lignt of wa velengths of 1 .30 um 
hereof becomes offset from a center hne 132b ^%^^ t ^ ho mut ti-mode waveguide 1 02b, while the 
and 1 .55 um inputted from the '"P«9 u ' d ^. 0 1 Z Sance with different propagation coefficients, 
powers of the light of wavelengths of 1 .30 um and 1 .5 ,5 um var> ^ ^ end 1rom wnicn light of a wave- 

40 [01 37] in the optical demultiplexer 1 00a according to the f irs e ^°d>ment an p ^ ^ f ^ 

ength of 1 .30 um is outputted and an output end '"^^^^^^o^^ of 5000 um or more, 
on L same output end face of the mult,-mode ^^^J^S he third embodiment, the output ends from 
[0138] On the other hand, in the opt.ca, ^^^^^J^ed on the same output end face of the 
which light of wave,engths of 1 .30 um and so as to have two different optical path 

45 mutti-mode waveguide 102b. The mum-mode J*^™^ iS J™™ um move in opposite phases. Specifically, 
,engths such that the powers of light of wave ength o 1 .3 ^ a "° jded al sucn a position as to set an 

the output end from which the light of a wavelength of .3 i um * outputte p^ maxjmjzed in an uppe r part of the 
optica, path .ength such that the power of the ''^^^S? 1 2b) while the output end from which the light 
mulll-mode waveguide 102b (i.e., the first ophcal path Q ^ anotner optical path length such that 

e., the second optical path length portion 1 22b). necessarily outputted from the same output face, 
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portion 122b provided in the lower part of the multi-mode-waveguide 102b. However, the same effect can be achieved 
even if the positions of the first and second optical path length portions 112b and 122b are reversed. 
[0141] Further, in the third embodiment, as in the case of the second embodiment, the output waveguides may be 
provided in positions where a wavelength to be cut off is maximized, i.e.. positions where the extinction ratio is maxi- 
mized. 

(Fourth Embodiment) 

[0142] FIG. 7 is a diagram schematically illustrating the structure of an optical demultiplexer 100c according to a 
fourth embodiment of the present invention. In FIG. 7, elements having similar functions to those of the optical demul- 
tiplexer 1 00a shown in FIG. 1 are denoted by the same reference numerals, and the descriptions thereof are omitted. 
[0143] In FIG. 7, the optical demultiplexer 100c includes: an input waveguide 101a; a multi-mode waveguide 102c 
(which includes a plurality of stages); a first output waveguide 103a; a second output waveguide 104a; a substrate 
106b for securing the above waveguides; and V-grooves 105a, 115a and 125a. 

[0144] The multi-mode waveguide 102c includes a first multi-mode region 112c and a second multi-mode region 
1 22c. A center line 1 32c of the first multi-mode region 1 1 2c is offset from a center line 1 42c of the second multi-mode 
region 122c. 

[01 45] In the first multi-mode region 1 1 2c, zero- and first-order modes are normal modes of light of a wavelength of 
1 .30 urn, and the zero-order mode is the normal mode of light of a wavelength of 1 .55 um. In the first multi-mode region 
122c, light of wavelengths of 1 . 30 um and 1 . 55 u.m can be normally present under zero- and first-order modes. 
[0146] The entire length of the multi-mode waveguide 102c is determined such that, with respect to lateral movement 
of the power of light due to modal dispersion between zero- and first-order modes, a phase difference between wave- 
lengths of 1 .30 urn and 1 .55 um becomes substantially an integral multiple of n. 

[0147] The width of the waveguide required for generating a higher mode increases/decreases with the length of a 
wavelength, and therefore the first multi-mode region 112c through which light of 1 . 30 um propagates is narrower than 
the second multi-mode region 122c through which light of 1 .55 um propagates. In the case of separating wavelengths 
based on mode interference, multi-mode light at each wavelength is required at the output end of the multi-mode 
waveguide. In order to cause multi-mode light of a plurality of wavelengths to be generated in different positions, it is 
effective to broaden the width of the multi-mode waveguide 102c in a light propagation direction. 
[0148] Next, the behavior of light in the optical demultiplexer 100c according to the fourth embodiment will be de- 
scribed. Consider a case where single-mode light of a wavelength of 1 .30 urn enters from the input waveguide 101a 
connected to the multi-mode waveguide 102c in such a position that the optical axis thereof becomes offset from the 
center line 132c of the narrower first multi-mode region 112c. In the first multi-mode region 102c, the light of a wave- 
length of 1 .30 urn is divided into light under the zero- and first-order modes characteristic of the first multi-mode region 
112c. The light of a wavelength of 1 .30 um propagates through the first multi-mode region 112c, accompanied by lateral 
movement of the power of light due to modal dispersion between the zero- and first-order modes. 
[0149] On the other hand, in the first multi-mode region 112c, the light of a wavelength of 1.55 urn is present only 
under the zero-order mode, and therefore no modal dispersion is caused. Consequently, the light of a wavelength of 
1 .55 am propagates through the first multi-mode region 112c without being accompanied by the lateral movement of 
the power of light. As a result, at the output end of the first multi-mode region 112c, there occurs a phase difference 4> 
in movement between the powers of light of wavelengths of 1 .30 um and 1 .55 urn. 

[01 50] Next, consider a case where light of a wavelength of 1 . 30 urn under the zero- and first-order modes enters 
from the input waveguide 101a connected to the multi-mode waveguide 102c in such a position that the optical axis 
thereof becomes offset from the center line 142c of the wider second multi-mode region 122c. In the second multi- 
mode region 1 22c, the light of a wavelength of 1 . 30 um under the zero- and first-order modes is divided into light under 
the zero- and first-order modes characteristic of the second multi-mode region 122c. In accordance with a propagation 
coefficient different from the propagation coefficient of the first multi-mode region 112c, the light of a wavelength of 
1 .30 .um propagates through the second multi-mode region 122c, accompanied by lateral movement of the power of 
light due to modal dispersion between the zero- and first-order modes. 

[0151] Next, consider a case where light of a wavelength of 1 . 55 urn under the zero-order mode enters from the 
input waveguide 101a connected to the multi-mode waveguide 102c in such a position that the optical axis thereof 
becomes offset from the center line 142c of the wider second multi-mode region 122c. In the second multi-mode region 
122c, the light of a wavelength of 1. 55 um under the zero-order mode is divided into light under the zero- and first- 
order modes characteristic of the second multi-mode region 122c. The light of a wavelength of 1 .55 jam propagates 
through the second multi-mode region 122c, accompanied by lateral movement of the power of light due to modal 
dispersion between the zero-and first-order modes. There is a phase difference <J> in movement between the powers 
of light of wavelengths of 1.30 urn and 1 .55 in the first multi-mode region 112c, and therefore, in Ihe second multi- 
mode region 1 22c, only a phase difference of n-<t> is required between the light of wavelengths of 1 .30 um and 1 .55 um. 
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[01521 ,„ this manner, the p h ase deference in movement "7'S> ^^^eZ^. 

55 in is determined by only the mods, dispers.on a a waving g djfference between tne modal 
and is determined by chromatic dispers.on resutted from the J djfference in move ment between 

dispersion)betweenthewavelengthso^ 

the powers of light in the first mult-mode ^^^^^Sp^ 100c according to the fourth embod- 



(Fifth Embodiment) 



(0157) The optical dennoltiplaxe, 1 0Od mc.udes a ™f ^ o ^^, P , 00a accordi „ g ,o .ha lirst ambodimant. 
and achiavas an atfaa. aimilar to that aoh.av.d b the °P<^™ ^ . mM propagation portion 102d; 

mode waveguide 1 22d. arranged in parallel with respect to a center 

[0 159] Thefirstandsecondsingle-modewavegu^es 112d and 122dare g^ ^ ^ ^ ^ sjng|e . mod 

ine 132d of the mufti-mode propagat.on P ortlon ,; ° 2d w ^f uc h h a an %^ an g em ent, light of wavelengths of 1 .30 u.m and 
waveguides 112d and 122d becomes 20 ^ e mullode propagation section 1 02d. In the case 

waveguide 101a. The output end of the ^^^^^^l^ guide 112d is an open end. The output 

^ inthismanneunthefinhembod^them^ 
, two single-mode waveguides in parallel with each ot JJ^J^ the multi-mode propagation portion 102d, 
the two single-mode waveguides inparalle mode "^JS,^?*) and 1.55 u.m propagates through the 
therebycausingmodaldispersion. As a result, light of w avel ^ n 9^ ' 01 1 em ^ telv moves on the first and second s.ngle- 
rum-modepro^gation portion 102d, such thatthe^ 

mode waveguides 112d and 1 22d. In cons.derat.on of chro ^ a ;^ d ' S ^ o S ' 0 " an optjcal length such that the maximum 

light of wavelengths of 1 .30 urn and 1 .55 ^m can be separate ^ mu lti-mode propagation portion 102d 

55 [01621 Note that a dummy single-mode wavegu.de may be ~""^ W ^V uide , 01 a and the dummy single-mode 
itsuch advance that mode coupling does not 

Z£l gr^STde^ 
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distanced from the input waveguide 101a so as not to cause mode coupling between the dummy single-mode 
waveguide 111d and the input waveguide 101a. • 
[0163] In the fifth embodiment, similar to the second embodiment, the output waveguide maybe provided in such a 
position that a loss of a wavelength to be cut off is maximized, i.e., the extinction ratio is maximized. 

(Sixth Embodiment) 

[0164] FIG. 10 is a diagram schematically illustrating the structure of an optical demultiplexer 100e according to a 
sixth embodiment of the present invention. In FIG. 1 0, elements having similar functions to those of the optical demul- 
tiplexer 100a shown in FIG. 1 are denoted by the same reference numerals, and the descriptions thereof are omitted. 
[0165] In FIG. 10, the optical demultiplexer 1 0Oe includes: an input waveguide 101a; a multi-mode propagation por- 
tion 102e having a plurality of stages; a first output waveguide 103a; a second output waveguide 104a; a substrate 
106e for securing the above waveguides; and V-grooves 105a, 115a, and 125a. The multi-mode propagation portion 
1 02e includes a first multi-mode region 152e and a second multi-mode propagation portion 1 62e. The first multi-mode 
region 152e includes a first single-mode region 112e and a second single-mode waveguide 122e. The second multi- 
mode region 162e includes a third single-mode region 132e and a fourth single-mode waveguide 142e. 
[0166] The first and second single-mode waveguides 112e and 122e included in the first multi-mode region 152e 
are arranged in parallel with each other at the input side of the multi-mode propagation portion 1 02e, and are spaced 
apart from each other by a distance of less than 20 um. In a strict sense, the second single-mode waveguide 122e is 
not entirely parallel with the second single-mode waveguide 122e since an output side portion thereof is curved so as 
to connect to the fourth single-mode waveguide 142e. 

[0167] The third and fourth single-mode waveguides 132e and 142e included in the second multi-mode region 162e 
are arranged in parallel with each other, and are spaced apart from each other by a distance less than or equahol20 
u.m and longer than the distance between the first and second single-mode waveguides 112e and 122e. In a strict 
sense, the fourth single-mode waveguide 142e is not entirely parallel with the third single-mode waveguide 132e since 
an input side portion thereof is curved so as to connect to the second single-mode waveguide 122e. 
[0168] The first and third single-mode waveguides 112e and 132e are optically and lineally coupled to each other at 
one end thereof. The second and fourth single-mode waveguides 122e and 142e are optically and smoothly coupled 
to each other at one end thereof. The other end of the second single mode waveguide 122e is an open end. 
[0169] The input end of the first single-mode wave guide 112e is optically and linearly coupled to the output end of 
the input waveguide 101a. The output end of the third single-mode waveguide 132e is optically coupled to the input 
end of the first output waveguide 103a. The output end of the fourth single-mode wave guide 142e is optically coupled 
to the input end of the second output waveguide 1 04a. 

[0170] The optical path length of the multi-mode propagation portion 102e is set such that, with respect to lateral 
movement of the power of light due to modal dispersion between zero- and first-order modes, a phase difference 
between wavelengths of 1 .30 u.m and 1 .55 (xm becomes substantially an integral multiple of n. 

[0171] In the multi-mode propagation portion 102e having a plurality of stages consisting of two parallel single-mode 
waveguides, modal dispersion of each wavelength is determined by the distance between the parallel single-mode 
waveguides. In the sixth embodiment, a large phase difference between the powers of light of a wavelength of 1 .30 
u.m is obtained in the first multi-mode region 152e, and therefore it is possible to shorten the entire optical path length 
of the second multi-mode waveguide 162e. As a result, it is possible to shorten the entire length of the multi-mode 
propagation portion 1 02e, whereby it is possible to provide a compact optical demultiplexer. 

[0172] In the sixth embodiment, similar to the second embodiment, the output waveguide may be provided in such 
a position that a loss of a wavelength to be cut off is maximized, i.e., the extinction ratio is maximized. 

(Seventh Embodiment) 

[0173] FIG. 11 is a diagram schematically illustrating the structure of an optical demultiplexer 100f according to a 
seventh embodiment of the present invention. In FIG. 11, elements having similar functions to those of the optical 
demultiplexer 100a shown in FIG. 1 are denoted by the same reference numerals, and the descriptions thereof are 
omitted. 

[0174] In FIG. 11 , the optical demultiplexer 100f includes: an input waveguide 101a; a multi-mode waveguide 102f; 
first through n'th output waveguides 103 M through 103,. n ; a substrate 106f for securing the above waveguides; and 
V-grooves 105a and 105 M through 105,. n formed in the substrate 106f. In FIG. 11 , for simplicity of illustration, the first 
through nth output waveguides 103,., through 103,. n and the V-grooves 105,., through 105,. n are not shown in their 
entirety. 

[0175] In the multi-mode waveguide 102f, light under n types of multi-modes (zero- to n-1' th-order modes, where n 
is an integer) at wavelengths X., through X n propagates therethrough. In the case where k=1 ,2 n-1 , when a phase 
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th ordpr fi_o 1 k-2) and 1+1 -th-order modes at a k'th wavelength ^ is 9 k and a phase difference 
difference between ith-order (i=0, 1 , .... k <d) ana +1 in orue mu lti-mod« waveguide 102f has 

between i'th-order and i+Vth-order modes at a k+V th wavelength ^^^^^^ m ^ miUaata% . 

-^'^ 

of the k+V th output waveguide 103,. k+1 to the multi-mod e 1<j» differ between the k^h and k + V th wave- 

length characteristics of propagation coeff.cients of all modes ot wave eng a opposite phases 

suchthattheout P utwaveguide103, k ,wh,chgu^ 
r 0 ™stLuredwiththlw 

[01 81] Similar to the fifth embodiment where two ^^^^^^^ first embodiment, the mufti- 
afwIngthemuM-fnodew^ schematically 
m0 de waveguide 102f may be replaced with n para ' ^8^* Jnqle mode waveguLs 122 M through 

such a position that a loss of a wavelength to be cut off is max.m.zed, ..e., the extinction 



(Eighth Embodiment) 



eighth embodiment of the present invention. In FIG. 13, elements having s m jonstnereof areom itted. 
multiplexeMOOashowninFIGIaredenotedby^ 

[0184] in FIG. 13, the optical; ^ ^ 

securing the above waveguides; and V-grooves 1 05a, 115a and 125a. he thjrd mutt j-mode 

waveguide 1 05g. The inpu. end oi .he firs, relay »~7*;. 0 ^™*Sl r ,„ , h e pealtlen ol .he eu.pu. 
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first embodiment. On the other hand, the output end of the first relay waveguide 1 03g is optically coupled to the second 
multi-mode waveguide 105g in such a position that the optical axis of the first relay waveguide"! 03g becomes offset 
from a center line 115g of the second multi-mode waveguide 105g. 

[0187] The second relay waveguide 104g runs between the first multi-mode waveguide 102g and the third multi- 
mode waveguide 107g.The input end of the second relay waveguide 104g is optically coupled to a 1. 55 um wavelength 
output end of the first multi-mode waveguide 1 02g. This output end is located in a position similar to the position of the 
output end of the multi-mode waveguide 102a from which light of a wavelength of 1 .55 um is outputted as described 
in the first embodiment. On the other hand, the output end of the second relay waveguide 104g is optically coupled to 
the third multi-mode waveguide 107g in such a position that the optical axis of the second relay waveguide 104g 
becomes offset from a center line 11 7g of the third multi-mode waveguide 107g. 

[0188] The first output waveguide 1 08g is operable to relay light of a wavelength of 1 .30 um from the second multi- 
mode waveguide 105g to a first output optical fiber 8. The input end of the first output waveguide 108g is optically 
coupled to a 1. 30 um wavelength output end of the second multi-mode waveguide 105g. This output end is located 
in a position similar to the position of the output end of themulti-mode waveguide 1 02a fromwhich light of a wavelength 
of 1 .30 um is outputted as described in the first embodiment. 

[0189] The second output waveguide 1 09g is operable to relay light of a wavelength of 1 . 55 um from the third multi- 
mode waveguide 1 07g to a second output optical fiber 9. The input end of the second output waveguide 1 09g is optically 
coupled to a 1 .55 urn wavelength output end of the thirdmulti-mode waveguide 107g. This output end is located in a 
position similar to the position of the output end of the multi-mode waveguide 102a from which light of a wavelength 
of 1 .55 um is outputted as described in the first embodiment. 

[0190] As described above, in a multi-stage demultiplexer according to the eighth embodiment, the output from the 
first multi-mode waveguide 1 02g is inputted to the second multi-mode waveguide 1 05g and further inputted to the third 
multi-mode waveguide 1 07g. Accordingly, the extinction ratio between wavelengths of 1 . 30 um and 1 . 55 um is further 
enhanced in the second and thirdmulti-mode waveguides 105g and 107g. Thus, it is possible to provide an optical 
demultiplexer capable of enhancing the extinction ratio as compared to the optical demultiplexer 100a according to 
the first embodiment. 

[0191] Note that although a three-stage multi-mode waveguide is able to obtain a higher extinction ratio than a two- 
stage multi-mode waveguide, the entire optical path is lengthened, resulting in an increase in loss of light. Thus, the 
number of stages of the multi-mode waveguides should be determined in accordance with whether the prime impor- 
tance is placed on a reduction in loss of light or on an enhancement of the extinction ratio. 

[0192] No light of a wavelength of 1 .55 um is required to be outputted from the second multi-mode waveguide 105g, 
and no light of a wavelength of 1 .30 um is required to be outputted from the thirdmulti-mode waveguide 1 07g. Accord- 
ingly, as is apparent from FIG. 13, no waveguides for outputting such light are provided in the optical demultiplexer 100g. 
[0193] In the case of enhancing the extinction ratio, the first relay waveguide 103g may be optically coupled to the 
first output optical fiber 8 via a filter, which allows only light of a wavelength in the neighborhood of 1 .30 um to transmit 
therethrough, rather than the second multi-mode waveguide 105g, and the second relay waveguide 104gmaybe opti- 
cally coupled to the second output optical fiber 9 via a filter, which allows only light of a wavelength in the neighborhood 
of 1 . 55 um to transmit therethrough, rather than the third multi-mode waveguide 1 07g. 

[0194] Note that in the optical demultiplexer as described in the first through eighth embodiments, the modal disper- 
sion and chromatic dispersion are fixed in a multi-mode propagation portion. That is, a refractive index of the multi- 
mode propagation portion is kept constant. However, a multi-mode propagation portion having a variable refractive 
index may be used. 

[0195] FIG. 14 is a diagram schematically illustrating the structure of an optical demultiplexer 101a in an exemplary 
case where a refractive index of a multi-mode propagation portion is changed by applying an electro-optic effect. In 
the optical demultiplexer 1 01a illustrated in FIG. 14, a material having an electro-optic effect is used as a core material 
of a multi-mode waveguide 112a, and two electrodes 111 are provided on front and back faces of an upper portion of 
the multi-mode waveguide 112a (in FIG. 14, only an electrode 111 provided on the front face is shown). A voltage 
applied to the electrodes 111 is controlled by a voltage control section 112 provided outside the optical demultiplexer 
101a. Accordingly, the refractive index of the multi-mode waveguide 112a can be arbitrarily changed on a real-time 
basis, and therefore the extinction ratio at wavelengths of 1 .30 um and 1 .55 um can be dynamically controlled. Note 
that the distribution of the refractive index of the multi-mode waveguide 1 12a can be changed by changing the shape 
and positions of the electrodes 111 provided on the multi-mode waveguide 112a. The positions of the electrodes 111 
are not limited to the front and back faces in the upper portion of the multi-mode waveguide 112a as shown in FIG. 14. 
The electrodes 111 may be provided on front and back faces in a lower portion of the multi-mode waveguide 112a or 
may provided on the front face in the upper and lower portions of the multi-mode waveguide 1 12a. That is, the electrodes 
111 can be provided in any positions on the multi-mode waveguide 112a so long as the refractive index of the multi- 
mode waveguide 112a can be changed. 

[0196] FIG. 15 is a diagram schematically illustrating the structure of an optical demultiplexer 102a in an exemplary 
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case where a refractive index of a murti-mode propagation portion is changed ^.^"8 a *^"^^ h * 
optica, demultiplexer 102a il.ustrated in F.G. 15, a material having a ^^^^^l^S^ 2 

mi98] in le eighth embodiment, similar to the second embodiment, the output wavegu.de may be prov.ded m such 
muSlexer descnbed in the thorough sixth embodiment and the eighth embodiment to separate of n types of 

^OOr^einbelow, embodiments of an optica, mu.tip.exer of the present invention ^^"^^ 
ootical multiplexer is structured so as to function in a manner opposite to the above-descnbed demu,tl P ,exer ^ a "° 

illustrating structures of the optical multiplexers. 
(Ninth Embodiment) 

ro201] FIG ISisadiagramschematjcaHyillustra^ 

Embodiment of the present invention. The optical multiplexer 200a is structured so as to function ,n a manner o PP os,te 
to the optical demultiplexer 1 00a according to the first embodiment. ea ^ nH mm it waveauide 

02021 In FIG 16, the optical multiplexer 200a includes: a first input waveguide 201a; a <^ J^"™"^ 

200a functions in a manner opposite to the optical demultiplexer 100a 

5S= :=£»sssirK»— 
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204a). Wavelength-multiplexed light obtained by the output waveguide 203a is inputted to the output optical fiber 207c 
via the output waveguide 204c. <• 
[0206] As described above, in the ninth embodiment, in the case where a phase difference between the zero- and 
first-order modes at a wavelength of 1 .30 urn is 9 t and a phase difference between the zero- and first-order modes at 

5 a wavelength of 1 .55 u.m is 6 2: the optical multiplexer 200a is provided with the multi-mode waveguide 203a which has 
such an optical path length as to cause a difference between 6, and 6 2 to become substantially an integral multiple of 
n. Further, the output waveguide 204a is connected to the multi-mode waveguide 203a in such a position that the 
optical axis thereof becomes offset from the center line 213a of the multi-mode waveguide 203a, and the first and 
second input waveguides 201a and 202a are provided in opposite positions with respect to the center line 213a. Thus, 

io it is possible to combine light of wavelengths of 1 .30 urn and 1 .55 pm. The optical multiplexer according to the ninth 
embodiment is simply structured with the multi-mode optical waveguide, and therefore can be provided at low cost. 
[0207] As is apparent from the above description, it is understood that the optical demultiplexer 100a described in 
the first embodiment can be configured to function as an optical multiplexer. Accordingly, an optical multiplexer accord- 
ing to the present invention can be configured to function as a multi-/demultip lexer capable of separating and combining 

»5 a plurality of wavelengths. 

[0208] In the case of the multiplexer, the performance thereof is determined by a transmission loss of light since it 
is not necessary to consider the extinction ratio. Accordingly, it is optimum to connect two input waveguides to the 
multi-mode waveguide at positions where corresponding wavelengths are maximized, such that the light power ex- 
tremum inversion condition is completely satisfied. 

20 

(Tenth Embodiment) 

[0209] FIG. 1 7 is a diagram schematically illustrating the structure of an optical multiplexer 200b according to a tenth 
embodiment of the present invention. In FIG. 1 7, elements having similar functions to those of the optical multiplexer 
25 200a according to the ninth embodiment are denoted by the same reference numerals, and the descriptions thereof 
are omitted. The optical multiplexer 200b is structured so as to function in a manner opposite to the optical demultiplexer 
100b according to the third embodiment. 

[0210] In FIG. 17, the optical multiplexer 200b includes: a first input waveguide 201a; a second input waveguide 
202a; a multi-mode waveguide 203b (which includes optical paths having different lengths); an output waveguide 204a; 

30 a substrate 206b for securing the above waveguides; and V-grooves 205a, 215a and 225a. 

[0211] The multi-mode waveguide 203b includes a first optical path length portion 213b and a second optical path 
length portion 223b. The first optical path length portion 213b has a characteristic similarto that of the first optical path 
length portion 112b of the optical demultiplexer 100b according to the third embodiment. The first optical path length 
portion 21 3b causes mode interference of light of a wavelength of 1. 30 urn inputted via the first input waveguide 201 a, 

35 such that the power of such light is maximized at the output end of the multi-mode waveguide 203b (i.e., a location 
offset from the center line 233b). 

[0212] The second optical path length portion 223b has a characteristic similar to that of the second optical path 
length portion 122b of the optical demultiplexer 100b according to the third embodiment. The second optical path length 
portion 223b causes mode interference of light of a wavelength of 1 . 55 urn inputted via the second input waveguide 
40 202a, such that the power of such light is maximized at the output end of the multi-mode waveguide 203b (i.e., a 
location offset from the center line 233b). 

[0213] As described above, the tenth embodiment uses the multi-mode waveguide 203b having an optical length, 
which can be less than or equal to 5000 urn as described in the thirds embodiment, whereby it is possible to provide 
a compact optical multiplexer. 

ts [0214] As in the case of the third embodiment, in the tenth embodiment, the multi-mode waveguide 203b may be 
structured by two single-mode waveguides placed in parallel to each other (see FIGs. 8 and 9). 

(Eleventh Embodiment) 

50 [0215] FIG. 18 is a diagram schematically illustrating the structure of an optical multiplexer 200c according to an 
eleventh embodiment of the present invention. In FIG. 18, elements having similar functions to those of the optical 
multiplexer 200a according to the ninth embodiment are denoted by the same reference numerals, and the descriptions 
thereof are omitted. The optical multiplexer 200c is structured so as to function in a manner opposite to the optical 
demultiplexer 1 00c according to the fourth embodiment. 

55 [0216] In FIG. 18, the optical multiplexer 200c includes: a first input waveguide 201a; a second input waveguide 
202a; a multi-mode waveguide 203c (which includes a plurality of stages) ; an output waveguide 204a; a substrate 
206c for securing the above waveguides; and V-grooves 205a, 215a and 225a. 

[0217] The multi-mode waveguide 203c includes a first multi-mode region 213c and a second multi-mode region 
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muni-mode waveguide 102o included m the optical 1— M r 1 ^ J 1 S5,n, inputted* toe second 

is, the second multi-mode region 223c causes mode ,nte rference o forty I. ^^^^^g^^. 

Eay T2?uL by two single-mode waveguides placed in parallel to each Cher (see FIG. ,0). 
(Twelfth Embodiment) 

t0221I -,-adia gT sc rr ^ 

embodiment ot the presen i .HO. re(erence numarals , a „ d ,„e descriptions thereo. 

romrroVr::,ip~^ 

1 0Of according to the seventh embodiment wavpauides 201 f a hiqh-order multi-mode waveguide 

m to bigh-order muitl-mode waveguide 203, has a characteristic simifer to the, o, the multi-mode waveguide 

S^rorsrr^r^ 

ofn types o, wavelengths X K Inputted trom tirs, ^-W" 1 ^ , singte .mode 

(0225, Note the, a harder """"-"J^ 

oTern^S^^ 

behaves in a manner opposite to the behavior o, light ,n the ophca, J^^™ thMm |n FIGs . 1M8 , as wa „ 

S^g^^ 

as an optical multi-/demultiplexer. , multi ./ d emultiplexer. In 

may be termed of a mateha, having an ^^^^^^^^.^coma^^^ 

=^rx^~rLrc^ 

scribed in conjunction with FIG. 14 „u ann( , ri hv orovidina an external electric field control section for 

a^g^a^^ 

may be formed of a malenal having a thermo-opuc e«ec . auchthattne so as , 0 ^„ amicallv 

described in the above embodiments will be described. 
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(Thirteenth Embodiment) 

[0233] FIG. 23 is a diagram schematically illustrating the structure of a WDM gain adjuster 300a according to a 
thirteenth embodiment of the present invention. In FIG. 23, the WDM gain adjuster 300a includes: a demultiplexing 

5 section 301a including the same elements as those of the optical demultiplexer 1 0Of illustrated in FIG. 1 1 ; a multiplexing 
section 302a including the same elements as those of the optical multiplexer 200f illustrated in FIG. 1 9; n gain adjusting 
sections 303a; a substrate 306a for securing the above elements; and V-grooves 1 05a and 206f. In FIG. 23, powers 
of light of given wavelengths in principal parts of the WDM gain adjuster300a are shown, and elements having functions 
similar to functions of the optical demultiplexer 1 0Of and the optical multiplexer 200f are denoted by the same reference 

10 numerals. 

[0234] The demultiplexing section 301a includes an input waveguide 101a, a multi-mode waveguide 102f, and n 
input relay waveguides 311a. The multiplexing section 302a includes n output relay waveguides 312a, a multi-mode 
waveguide 203f , and an output waveguide 204a. 

[0235] Each gain adjusting section 303a performs gain adjustment such that the power of light at each wavelength 
15 inputted from the input relay waveguides 31 1 a of the demultiplexing section 301 a becomes constant, and then supplies 
the light to the output relay waveguide 312a. 

[0236] Specifically, n types of WDM wavelengths in an optical signal are entirely separated from each another, and 
combined back into the state of WDM transmission after gain adjustment is performed for each wavelength. In this 
manner, gains at the n types of wavelengths, which become uneven during transmission, are adjusted, thereby cor- 
20 recting the optical signal so as to become stable. 

[0237] Alternatively, dynamic gain adjustment may be performed by providing an external control section for control- 
ling the gain adjuster. 

[0238] Although the unevenness of gains between wavelengths varies depending on conditions of transmitting an 
optical signal, it is possible to make a correction so as to constantly obtain a stable optical signal by allowing the 
25 demultiplexing section 301a to monitor a gain at each wavelength and dynamically control each gain adjusting section 
303a so as to obtain a desired gain for each wavelength. 

[0239] Alternatively, the gain of each wavelength may be monitored in the multiplexing section 306a. In this case, a 
correction value is fed back to the gain adjusting section 303a until the output of the multiplexing section 306a reaches 
a desired gain level. In such a case, an external control section and a monitor section may be provided outside the 
30 multiplexing section 306a in order to control each gain adjusting section 303a. 

[0240] Note that an adjustingmeans other than the gain adj uster may be provided for adjusting at least one of a 
gain, a phase, and a polarized status for each wavelength. 

[0241] Further, the multi-mode waveguide 102f of the demultiplexing section 301a and the multi-mode waveguide 
203f of the multiplexing section 306a may be formed by n parallel single-mode waveguides. 

35 

(Fourteenth Embodiment) 

[0242] FIG. 24 is a diagram illustrating the structure of a WDM add/drop 300b according to a fourteenth embodiment 
of the present invention. In FIG. 24, elements having functions similar to functions of the optical demultiplexer 100a 

40 illustrated in FIG. 1 and the optical multiplexer 200a illustrated in FIG. 15 are denoted by the same reference numerals. 
[0243] In FIG. 24, the WDM add/drop 300b includes: a first input waveguide 101a; a demultiplexer multi-mode 
waveguide 301 b; a relay waveguide 302b; a multiplexer multi-mode waveguide 303b; a drop waveguide 304b; an add 
waveguide 305b; an output waveguide 204a; a substrate 306b for securing the above elements; V-grooves 1 05a and 
225a; a V-groove 307b for securing a drop optical fiber 37; and a V-groove 308b for securing an add optical fiber 38. 

45 [0244] The demultiplexer multi-mode waveguide 301 b has a characteristic similarto that of the multi-mode waveguide 
1 02a of the optical demultiplexer 1 0Oa according to the first embodiment. The multiplexer multi-mode waveguide 303b 
has a characteristic similar to that of the multi-mode waveguide 203a of the optical multiplexer 200a according to the 
eighth embodiment. Alternatively, an optical demultiplexer as described in the second embodiment may be used for 
separating a desired wavelength so as to cut off other wavelengths as much as possible, thereby preventing an adverse 

so effect from being caused to a device at an output destination. 

[0245] The relay waveguide 302b is operable to relay, to the multiplexer multi-mode waveguide 303b, light of a 
wavelength of 1. 30 um outputted by the demultiplexer multi-mode waveguide 301b. The drop waveguide 304b is 
operable to input, to the drop optical fiber 37, light of a wavelength of 1 .55 u.m outputted by the demultiplexer multi- 
mode waveguide 301 b. The drop optical fiber 37 guides the light of a wavelength of 1 .55 u.m to the outside of the WDM 

55 add/drop 300b. The add optical fiber 38 guides light from outside into the WDM add/drop 300b. The add waveguide 
305b is operable to relay, to the multiplexer multi-mode waveguide 303b, light of a wavelength of 1 .55 u.m outputted 
from the add optical fiber 38. 

[0246] In the WDM add/drop 300b, among WDM wavelengths of 1 .30 u.m and 1 .55 u/n, only light of a wavelength 
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P^Tn™ S^XS ™ to9 ,n o. , -55 m ,s dropped, a ^vel^ 0, ,30 ^ m ay 5e 

waveguide 303b may be formed by two parallel single-mode wavegu,des. 
(Fifteenth Embodiment) 

301c; a mu.ti.mode 

[0 P 2 51, .n FIG. 25, the WDM transmitter^ = ™^^™^ u £ 102aTthe optica, demultiplexer 
waveguide 302c having a charactenst lC similar to that of the mum ™° e y wavelength photodiode 305c 

1 ooaTl.ustrated in FIG. 1 ; a second waveguide 303c a third wavegurte 304c a , . J t0 the 

connected to the output end of the second wavegu.de 303c, a 1^55 um ^elengMi ^ the 
output end of the third waveguide 304c; a 1 .55 u.m wavelength P^.ode 308c a substrate 
above elements; and a V-groove 1 05a for securing an input/output optical ftaer47^ wave .ength of 

1 .30 ,m wavelength photodiode 305c via the second wavegu.de S^J^f 1 * ^ when \ he |jgnt of a 

by the 1. 55 urn wave.ength photodiode 308c via the f^*^^*^^ waveguide 304c, the 

Sengths oM -30 urn and 1 .55 ,m ~ 

[0254] An optica, demultiplexer as described . .the ^^n^e^be^ 

.ength so as to cut of f other wavelengths as much as possib *• cuts off the light of a wavelength 

to a device at an output destination. In such ^•.^^^^^^ 3 04c, and therefore the light of a 

iss? i W ^ ^s^i 1 ^— - « — ■ is possib,e to prevent 

^ » receiver/transmitter app.ication, a 1 . 30 um wavelength 
laser diode may be coupled to the second waveguide 303c^ wave |enqth photodiode 305c, the 1 .55 um 

[02561 In the present embodiment, electrical parts, such «^ 1 ^»^^^L optica , parts, such as the 
laser diode 307c, and the 1 . 55 um photodiode 308c are is configured as an 

izzzzrz~~sj ~ rs ~.-: ■■• 

(Sixteenth Embodiment) 

according to the first embodiment are denoted by the same reference numera s de waveguide 301 d; a 

of equally-spaced wavelengths ^ ^ when apj«e » multiplexed wavelength light") is 8^ and a 
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numbered multiplexed wavelength light") is 6 2k , the multi-mode waveguide 301 d has such an optical path length as to 
cause a difference between and 6 2k to become substantially an integral multiple of n. Thewiulti-mode waveguide 
301 d is formed of a material having a refractive index which is in linear relationship with a wavelength in a wavelength 
range of use. 

s [0260] The input waveguide 101a, and the first and second output waveguides 1 03a and 1 04a are connected to the 
multi-mode waveguide 301 d in positions as described in the first embodiment. 

[0261 ] Next, the behavior of light in the WDM interleaver 300d will be described. Consider a case where single-mode 
light of n types of odd-numbered wavelengths A,-, enters from the input waveguide 1 01a connected to the multi- 
mode waveguide 301d in such a position that the optical axis thereof becomes offset from the center line 112a. In the 

10 multi-mode waveguide 301 d, the odd-numbered wavelength light is divided into light under the zero-and first-order 
modes characteristic of the multi-mode waveguide 301d. Due to modal dispersion, the odd-numbered wavelength light 
propagates through the multi-mode waveguide 301 d in accordance with a specific propagation coefficient, such that 
the power of the odd-numbered wavelength light alternately moves on two parallel straight lines. 
[0262] Similarly, single-mode light of even-numbered wavelengths enters from the input waveguide 1 01 a connected 

15 to the multi-mode waveguide 301d. In the multi-mode waveguide 301 d, the even-numbered wavelength light is divided 
into light under the zero- and first-order modes characteristic of the multi-mode waveguide 301 d. Due to modal dis- 
persion, the even-numbered wavelength light propagates through the multi-mode waveguide 301 d in accordance with 
a specific propagation coefficient, such that the power of the even-numbered wavelength light alternately moves on 
the two parallel straight lines. 

20 [0263] The propagation coefficients for the movement of light power differ between the odd-numbered wavelength 
light and the even-numbered wavelength light due to chromatic dispersion resulted from modal dispersion of each 
wavelength. Accordingly, in the case of an optical path length which causes the powers of the odd-numbered wave- 
length light and the even-numbered wavelength light to move in opposite phases (i.e., the phase difference between 
the powers is substantially an integral multiple of n), the powers of the odd-numbered wavelength light and the even- 
ts numbered wavelength light are separated onto the two parallel straight lines. 

[0264] In this manner, the multi-mode waveguide 301 has such an optical path length as to cause the powers of the 
odd-numbered wavelength light and the even-numbered wavelength light to be separated onto the two parallel straight 
lines, and the first and second output waveguides 103a and 104a are provided in the vicinity of the location at which 
the odd-numbered wavelength light and the even-numbered wavelength light are separated. This allows even a WDM 
30 interleaver simply structured with waveguides to readily separate the odd-numbered wavelength light and the even- 
numbered wavelength light. 

[0265] Note that as in the case of the optical demultiplexer 100d (FIG. 8), the multi-mode waveguide 301 may be 
formed by two parallel single-mode waveguides. 

[0266] As in the case of the third and fourth embodiments, in orderto shorten the length of the multi-mode waveguide 
35 301 d, the multi-mode waveguide 301 d may be structured so as to make a difference between distances from the input 
end to the output ends from which the odd-numbered wavelength light and the even-numbered wavelength light are 
outputted. In such a case, different optical path lengths allow the phase difference in movement between powers of 
odd-numbered wavelength light and the even-numbered wavelength light to become substantially an integral multiple 
of n. Alternatively, the multi-mode waveguide 301 d may be structured by first and second multi-mode regions having 
40 different widths. 

(Seventeenth Embodiment) 

[0267] FIG. 27 is a diagram schematically illustrating the structure of a WDM interleaver 300e according to a sev- 
t5 enteenth embodiment of the present invention. In FIG. 27, elements having functions similar to functions of the optical 
demultiplexer 100a according to the first embodiment are denoted by the same reference numerals. 
[0268] In FIG. 27, the WDM interleaver 300e includes: an input waveguide 101a; a former-stage multi-mode 
waveguide 301 d; a first relay waveguide 302e; a second relay waveguide 303e, a first latter-stage multi-mode 
waveguide 304e; a second latter-stage multi-mode waveguide 307e; a first output waveguide 308e; a second output 
so waveguide 309e; a third output waveguide 31 Oe; a fourth output waveguide 31 1e; a substrate 306e for securing the 
above waveguides; a V-groove 105a; a V-groove 305e for securing a first output optical fiber 56; a V-groove 31 5e for 
securing a second output optical fiber 57; a V-groove 325e for securing a third output optical fiber 58; and a V-groove 
335e for securing a fourth output optical fiber 59. 

[0269] The former-stage multi-mode waveguide 301e is a first interleaver having the same characteristic as that of 
55 the multi-mode waveguide 301 d of the optical demultiplexer 300d illustrated in FIG. 26, and has an optical path length 
such that a phase difference in movement between the powers of light of a 2k-1th wavelength X^.., (k=1,2,...), i.e., 
the odd-numbered multiplexed wavelength light, and light of a 2k'th wavelength A^, i.e., the even-numbered multiplexed 
wavelength light, becomes substantially an integral multiple of n. 
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[0270, Thefirst.aler-sta^ 

hat a phase difference in movement between the powers of hgh of ^^X^- referred t0 35 the 
to as the »4k-31h multiplexed wavelength l.ght) and l.ght of a 4k-1th wavelen ^ n ^ k " 1 v 

4k -nn multiplexed wavelength light) becomes substantial* an integral an , path lengtn such 

I027 1, The second of'aSTale.engfh ,J (hereinafter, referred 

multiplexed wave.ength light) becomes ^^^J^^^ 3Me and 307 e> respectively included in the 

modewaveguide 30,e to the ^^"^t^^^™^^ wavelength light to the tlrs. 

a.tiplexed wavelength light to the lourth output optical We. JSfc mu|tl . mode waveguide sole, 4n (n-1 .2....) 

(0275, As described in the ^.•^-f^J^S^SZt^ nit— wav efe ngth ligh, 
types ot equally-spaced wavelengths i„ . A*, are S «P»™ multlple)<ed mave length light and theeven- 

^t^i^ss^^rr^ 

X 4n into four groups of equally-spaced wavelengths. relationship 

• r:^^^ - - - - an - 

S " NoSt each of the mufti-mode waveguides 301 e, 304e, and 307e may be formed by two paral.e, sing.e- 

mode waveguides. sixteenth and seventeenth embodiments, modal dispersion 

[0280] Although in the interleaves as described in the s.xteerth anc is wave|engths are kept constant, a 

and chromatic dispersion in a., wavelengths are foced, '■J^SST^ caTe control of such a ratio can be 
ratio between powers of light of odd- and ^^^^^^SS^es Hustrated in FIGs. 14 and 15. 
performed by elements as described in conjunct™ wrth the ^^^STSracBve index which is kept in linear 
, The materia, having an electro-optic or thermo-optic effec » » ^^rac^e index is changed. 

relationship with a wave.ength in the wavelength range ,rf use even f the re™ ,nd ^^.^ 

embodiments when more compact waveguides are required. 

5 

(Eighteenth Embodiment) 

[0282, An optica, demu.tip.exer according to an -W^"*^ St!*^ 
Li.altothatoftheoptic^ 
» to FIG. 13. The optica, demultiplexer accordmg to ta ^'^ MWlde 10 4g; a second mufti-mode 

r—toeVaacunngthea^^ 

[02831 in the optical demultiplexer according to the °*™*'^ ) „ ratio equal to or mora than 25dB 

,s L separated are ,. 30 gm and 1 55 gm -pec "ely^nd ,here,or e * e -cl»n , ^ ^ ^ 

can be realized over a wide wavelength band ot 00 - ten »" e "<» ^. 9 ffie second and mlrd muffi -mode 
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mgchanism for realizing the extinction ratio over a such a wide wavelength band will be described below. 
[0284] FIG. 28 is a graph illustrating wavelength characteristics of a transmission/cut-off laws in the former-stage 
demultiplexing portion. In FIG. 28, the vertical axis has values of loss which decreases upwards and increases down- 
wards, the bold curve illustrates a wavelength characteristic of the transmission /cut-off loss at a first output end of the 

5 former-stage demultiplexing portion (from which a wavelength of 1 .30 um is outputted and at which the output of a 
wavelength to be cut off is minimized rather than the output of a desired wavelength is maximized), and the dotted 
curve illustrates a wavelength characteristic of the transmission/cut-off loss at a second output end of the former-stage 
demultiplexing portion (from which a wavelength of 1 .55 urn is outputted and at which the output of a wavelength to 
be cut off is minimized rather than the output of a desired wavelength is maximized). 

w [0285] As shown in FIG. 28, at the first output end, the loss is maximized at about 58dB in the vicinity of a wavelength 
of 1 .51 urn slightly offset from the center wavelength of 1 .55 urn to the minus side (i.e., the cut-off loss is minimized in 
the vicinity of the wavelength of 1 .51 urn). Further, at the first output end, the loss becomes satisfactorily low at about 
0.7dB in the vicinity of the center wavelength of 1 .30 urn (i.e., the transmission loss becomes satisfactorily low in the 
vicinity of the center wavelength of 1 .30 urn). Accordingly, at the first output end, the center wavelengths are satisfac- 

15 torily transmitted, and the wavelength of 1 .51 urn slightly offset from the center wavelength of 1 .55 urn is cut off most. 
Note that a difference between the transmission and cut-off losses corresponds to the extinction ratio. 
[0286] On the other hand, at the second output end, the loss is maximized at about 56dB in the vicinity of a wavelength 
of 1 .26 urn slightly offset from the center wavelength of 1 .30 urn to the minus side (i.e., the cut-off loss is minimized in 
the vicinity of the wavelength of 1 .26 urn). Further, at the first output end, the loss becomes satisfactorily low at about 

20 0.3dB in the vicinity of the center wavelength of 1 .55 urn (i.e., the transmission loss becomes satisfactorily low in the 
vicinity of the center wavelength of 1 .55 um). Accordingly, at the second output end, the center wavelengths are sat- 
isfactorily transmitted, and the wavelength of 1 .26 um slightly offset from the center wavelength of 1 .30 um is cut off 
most. " ' 

[0287] FIG. 29 is a graph illustrating wavelength characteristicsofatransmission/cut-offlossinthelatter-stage demul- 

25 tiplexing portion. In FIG. 29, the vertical axis has values of loss which decreases upwards and increases downwards, 
the bold curve illustrates a wavelength characteristic of the transmission /cut-off loss at a first output end of the latter- 
stage demultiplexing portion (from which a wavelength of 1 .30 um is outputted and at which the output of a wavelength 
to be cut off is minimized ratherthan the output of a desired wavelength is maximized), and the dotted curve illustrates 
•a wavelength characteristic of the transmission/cut-off loss at a second output end of the latter-stage demultiplexing 

30 portion (from which a wavelength of 1.55 urn is outputted and at which the output of a wavelength to be cut off is 
minimized ratherthan the output of a desired wavelength is maximized). Although the latter-stage demultiplexing portion 
is formed by the multi-mode waveguides 1 05g and 1 07g, each multi-mode waveguide has the same wavelength char- 
acteristic as illustrated in FIG. 29. 

[0288] As shown in FIG. 29, at the first output end, the loss is maximized at about 58dB in the vicinity of a wavelength 
35 of 1 .59 um slightly offset from the center wavelength of 1 .55 um to the plus side (i.e., the cut-off loss is maximized in 
the vicinity of the wavelength of 1 .59 urn). Further, at the first output end, the loss becomes satisfactorily low at about 
0. 7dB in the vicinity of the center wavelength of 1 . 30 um (i.e., the transmission loss becomes satisfactorily low in the 
vicinity of the center wavelength of 1 .30 urn). Accordingly, at the first output end, the center wavelengths are satisfac- 
torily transmitted, and the wavelength of 1 .59 urn slightly offset from the center wavelength of 1 .55 um is cut off most. 
40 [0289] On the other hand, at the second output end, the loss is maximized at about 56dB in the vicinity of a wavelength 
of 1 .34 urn slightly offset from the center wavelength of 1 .30 um to the plus side (i.e., the cut-off loss is maximized in 
the vicinity of the wavelength of 1 .34 urn). Further, at the first output end, the loss becomes satisfactorily low at about 
0. 3dB in the vicinity of the center wavelength of 1 .55 um (i.e., the transmission loss becomes satisfactorily low in the 
vicinity of the center wavelength of 1 .55 um). Accordingly, at the second output end, the center wavelengths are sat- 
45 isfactorily transmitted, and the wavelength of 1 .34 um slightly offset from the center wavelength of 1 .30 urn is cut off 
most. 

[0290] FIG. 30 is a graph illustrating wavelength characteristics of a Iransmission/cut-off loss in the entire optical 
demultiplexer according to the eighteenth embodiment. In FIG. 30, the vertical axis has values of loss which decreases 
upwards and increases downwards, the bold curve illustrates a wavelength characteristic of the transmission/cut-off 
so loss at the output end of the first output waveguide 1 0Bg, and the dotted curve illustrates a wavelength characteristic 
of the transmission/cut-off loss at the output end of the second output waveguide 1 09g. 

[0291] As shown in FIG. 30, at the output end of the first output waveguide 1 08g, the loss becomes significantly high 
in the range centering around the wavelength of 1 .55 pm between wavelengths of 1 .50 (im and 1.60 um. That is, the 
cut-off loss becomes satisfactorily high in the range between the wavelengths of 1 .50 um and 1 .60 um. Further, at the 
55 output end of the first output waveguide 108g, the loss becomes significantly low in the range centering around the 
wavelength of 1 .30 um between wavelengths of 1 .25 um and 1 .35 urn. That is, the transmission loss becomes satis- 
factorily low in the range between the wavelengths of 1 .25 um and 1 .35 um. 

[0292] On the other hand, at the output end of the second output waveguide 109g, the loss becomes significantly 
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h l9 h,„,heran g ,ee„,edn g a ra und,hew,ve,en^ 

the cut-off loss becomes satisfactorily low in the centering around 

'a wide wavelength band by connecting ^^^^J^^TZ^Z a single-stage demulti- 
so as to be symmetric with respect to a "^^ n to ^»^ b f r^t to the center wavelengths. 

bodimeh, is eneLe a, broaden^ 

[0294] Note that a h.gh extinction ratio can be obtained oyer a wiae » However, in such 

Llti-modewaveguidesforwhichdifferentcenterwave.en^ 

a case, the entire optical path length is lengthened, leading to ^ whetner tne prjme impor- 

number of stages of the mu.ti-mode waveguides ^J^^^S^ extinction ratio. For example, in 
tance is placed on an increase of a transm.ss.on oss ratio> bv conn ecting an additional 
the case where the prime importance is placed on the ennan H C ^ r n ^ e center wavelen gths of 1 .30 urn and 1 .55 urn 
demultiplexing portion, which includes multi-mode wave 9 uld ^^ ratio ca 7be maximized 

are set, to each of the second and third multi-mode ^aveguide 1 05g and 1 07g th ^e^eu ^ ^ &Mon 
with respect to first and second wavelengths of 1 .30 and i .st> u.m to y 

ratio is not maximized by two stages of mufti- mod ^ ^f 9 ^ 6 jf' ej Mh embodime nt which is configured as a 

[0295] in the case of the optica. ^^^^^^^Ze^Uto 102g is further inputted* me 

^^^^ 

length bands centering the first and second wavelengths of 1 .30 jim and ^ 55 „ required 

[0296] Similartotheeighthembodiment.intheeighteenhembo^ 

to be outputted from the second multi-mode wavegu.de 105g and ™W , no^aveguides for 

be outputted from the third multi-mode waveguide 1 07g. Accord.ngly, as ,s apparent from 

outputting such light are provided in the optical demuU,plexer1_ °°9- Qn and chromatic dispe r- 

[0297] in the optica, demultiplexer according to * e "J^ 

sion in the multi-mode propagation portion are fixed. ™*'**™^^* miT ^ e index may be used. 

is kept constant. However, a multi-mode propagation portion f a vmg a variaWe re^ In effect of realizing a demultiplexer/ 

Sole of ihputtlng/outputtiho light, molti-mode op«cal ffi ■ ih aE£c» '""strative and no. 



the scope of the invention. 



ims 

Ah „ P ,ica,demo,.ip,exer,100a,.orse P ara«n 9 ,npu, wavelength-muitiplexed llgb. o, firs, and second wavelengths, 



comprising 



^ ihPU. podion ,10,a) for inpuding light to the muiti-mode propagation ah input position as 
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2. The optical demultiplexer according to claim 1, wherein when a value of the extinction ratio corresponds to ten 
times the natural logarithm of the quotient obtained by dividing the power of light of the desired wavelength by the 
power of light of the wavelength to be cut off, the extinction ratio is equal to or more than 30dB at a position where 
the extinction ratio is maximized. 

3. The optical demultiplexer according to claim 1 , wherein a refractive index of the multi-mode propagation portion 
is less than or equal to 2.0. 

4. The optical demultiplexer according to claim 1 , wherein the width of the multi-mode propagation portion is equal 
to or more than 1 5 urn 

5. The optical demultiplexer according to claim 1 , 

wherein the first output portion is located in a position (Q 2a ) where the power of light of the second wavelength 
is minimized, and 

wherein the second output portion is located in a position (Q 1a ) where the power of light of the first wavelength 
is minimized. 

6. The optical demultiplexer according to claim 1 , wherein in the case where a phase difference between zero- and 
first-order modes of the first wavelength is 0., and a phase difference between zero- and first-order modes of the 
second wavelength is 6 2 , the multi-mode propagation portion has such an optical path length (L 2 or L 3 ) in a prop- 
agation direction as to cause a difference between 6 1 and 6 2 to be in the range of mn±n/2, where m is a natural 
integer. 

7. The optical demultiplexer according to claim 6, wherein the multi-mode propagation portion has such an optical 
path length in the propagation direction as to cause at least one of the powers of the light of first and second 
wavelengths to be minimized or maximized at an output end of each of the first and second wavelengths. 

8. The optical demultiplexer according to claim 7, wherein the multi-mode propagation portion has such an optical 
path length (L,) in the propagation direction as to cause the difference between ft., and fi 2 to become an integral 
multiple of n. 

9i The optical demultiplexer according to claim 8, wherein the multi-mode propagation portion has such an optical 
path length (L 1 ) in the propagation direction as to cause the powers of the light of first and second wavelengths 
to become minimum or maximum values inverted with respect to each other at the output end of each of the first 
and second wavelengths. 

10. The optical demultiplexer according to claim 6, wherein the multi-mode propagation portion has such an optical 
path length in the propagation direction as to cause the extinction ratio at the output end of each of the first and 
second wavelengths to become equal to or more than 30 dB. 

11. The optical demultiplexer according to claim 6, wherein the multi-mode propagation portion has such an optical 
path length in the propagation direction as to cause the difference between e 1 and 8 2 to become an integral multiple 

Of 71. 

12. The optical demultiplexer according to claim 6, 

wherein the multi-mode propagation portion is formed by one multi-mode waveguide, 
wherein the center line of the multi-mode waveguide corresponds to an optical axis of the multi-mode prop- 
agation portion, and 

wherein the input position is offset from the optical axis. 

13. The optical demultiplexer according to claim 6, 

wherein the multi-mode propagation portion is formed by two single-mode waveguides, 
wherein an axis of symmetry between the two multi-mode waveguides corresponds to an optical axis of the 
multi-mode propagation portion, and 

wherein the input position is an input end of either of the two single-mode waveguides. 

14. The optical demultiplexer according to claim 1 , 

wherein the multi-mode propagation portion (102b) includes: 
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a « op.fca, pa,h ,an 9 ,P poaiaa ,„ 2 b, havinp a, op.ica, P-£*£j ^TC^Sh"^'. 

that the difference between 0, and G 2 is in the range of rrartrc/2, 

wherein light of the first wavelength is outputted from the first optical path length .portion 

herein light of the second wavelength is outputted from the second optical path length portion, and 

Therein the first and second optica, path length portions have different opfca. path .engths. 

15 The has SU ch an r - P ~ ^ as 

--h=^ 

as to cause the difference between e 1 and 6 2 to become an integral multiple of n. 
16. The optical demultiplexer according to claim 14, wave auide 

propagation portion, and 

wherein the input position is offset from the optical axis. 

di " e 'l^fa S „^ 

of the multi-mode propagation portion. 

in the range of mn±n/2, where m is a natural integer, and 

wherein the multi-mode propagation portion (102c) includes: 

a first multi-mode region (1 1 2c) capable of transmitting therethrough only muKi-mode light of a shorter one of 
the first multi-mode region. 

narrower than the second multi-mode region. 
21. The optical demu.tip.exer according to claim 20, wherein the input position is offset from the optical axes of the 
first and second multi-mode regions. 

used as a former-stage multi-mode region, 
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wherein the second multi-mode region is formed by two latter-stage single-mode waveguides (132e and 
142e) used as a latter-stage multi-mode region, and . 

wherein a space between the former-stage single-mode waveguides is narrower than a space between the 
latter-stage single-mode waveguides. 

23. The optical demultiplexer according to claim 1 8, wherein the centers of the axes of the first and second multi-mode 
regions are offset from each other. 

24. The optical demultiplexer according to claim 1 , 

wherein in the case where a phase difference between zero- and first-order modes of the first wavelength 
is 6, and a phase difference between zero- and first-order modes of the second wavelength is 8 2 , the multi-mode 
propagation portion has such an optical path length in a propagation direction as to cause a difference between 
G, and 8 2 to be in the range of mjr±7t/2, where m is a natural integer, and 

wherein the width of the multi-mode propagation portion varies along a direction of an optical axis of the 
optical demultiplexer. 

25. The optical demultiplexer according to claim 24, wherein the multi-mode propagation portion has such an optical 
path length in the propagation direction as to cause the difference between 6, and 9 2 to become an integral multiple 
of 71. 

26. The optical demultiplexer according to claim 24, 

wherein the multi-mode propagation portion is formed by one multi-mode waveguide, and 
wherein the center line of the multi-mode waveguide corresponds to an optical axis of the multi-mode-prop- 
agation portion. 

27. The optical demultiplexer according to claim 24, 

wherein the multi-mode propagation portion is formed by two single-mode waveguides, and 
wherein an axis of symmetry between the two multi-mode waveguides corresponds to an optical axis of the 
multi-mode propagation portion. 

28. The optical demultiplexer according to claim 1 , further comprising: 

a first latter-stage multi-mode propagation portion (105g) provided at an output end of the first output portion 
(1 03g) , the first latter-stage multi-mode propagation portion having the same characteristic as that of the multi- 
mode propagation portion (102g); 

a second latter-stage multi-mode propagation portion (107g) provided at an output end of the second output 
portion (1 04g), the second latter-stage multi-mode propagation portion having the same characteristic as that 
of the multi-mode propagation portion; 

a first latter-stage output portion (1 08g) for outputting light of the first wavelength to be separated by the first 
latter-stage multi-mode propagation portion; and 

a second latter-stage output portion (109g) for outputting light of the second wavelength to be separated by 
the second latter-stage multi-mode propagation portion. 

29. The optical demultiplexer according to claim 1 , further comprising an external electric field control section for ap- 
plying an external electric field to the multi-mode propagation portion, wherein the multi-mode propagation portion 
is formed of an electro-optic material. 

30. The optical demultiplexer according to claim 29, wherein the external electric field control section includes: 

a pair of electrodes provided on a surface of the multi-mode propagation portion; and 

an external voltage control section (111 or 112) for controlling a voltage between the pair of electrodes. 

31. The optical demultiplexer according to claim 1 , further comprising an external temperature control section (121 or 
122) for controlling the temperature of the multi-mode propagation portion, wherein the multi-mode propagation 
portion is formed of a thermo-optic material having a temperature dependence. 

32. The optical demultiplexer according to claim 31 , wherein the external temperature control section includes: 
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ingand/or cooling the heat conducting portion. 
33. The optical demu.tip.exer according to claim 31 , wherein the externa, temperature control section includes: 

a Peltier device (121) provided on a surface of the multi-mode propagation portion; and 

a ^^TcirL. member (122) for controHing the temperature of the mu.ti-mode propagation port-on by 

applying a current to the Peltier device. 

34 ™ ^Ter^rrirSde » UPted „ - ^ s id9 * *. ^ 

POr "°*e n ,l each of .he In t and seeoad ouipu, podions Is a waveguide optica,,, coupied ,o ,he ouipu, side el 
the multi-mode propagation portion. 
35. An optica, device (300c) for transmitting/receiving light of first and second wavelengths, the optical device com- 
prising: 

a multi-mode propagation portion (302c) allowing mu.ti-mode propagation of light of the first ands ec«^ 
fengts and separating powers oAhe light of first and second wave.engths by causing .ntema. mode interfer- 
on input portion (301c) for inputting tight to the mu.ti-mode propagation portion from such an input position-as 
to cause separation of the powers of light in the multi-mode propagation port.on; 

ZaZ ^seconToutput portions ( 303c and 304c) for outputting the light of first and second wave.engths rom 

bop,:^^^ 

beinq provided at an output end of the first output portion; and 

aTecond optica, element for receiving and/or emitting light of the second wave.ength, the second opted 
element being provided at an output end of the second output portion. 

36. The optical device according to claim 35, wherein the second optical element includes: 

a light emitting portion (307c) for emitting light of the second wavelength; and 
a light receiving portion (308c) for receiving light of the second wavelength. 

37 Anoptica.demu,tip.exer(100f)^ 

where n is a natural integer, the optical demultiplexer compnsmg: 

a multi-mode propagation portion (1 02f) allowing multi-mode P**«^£*£ TS^^S^ 
light of n types of different wavelengths and separating powers of the light of n types of different wave.eng 

aniZ"^^^ 

desired wavelength with respect to the power of light of a wavelength to be cut off. 

optical path length in a propagation direction as to cause a difference between 9 k and G k+1 as to 
of mrcfcJi/2, where m is a natural integer. 

39. The optical demultiplexer according to claim 38, 
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wherein the mutti-mode propagation portion is formed by one mutti-mode waveguide (102f), 
wherein the center line of the multi-mode waveguide corresponds to an optical axis a* the multi-mode prop- 
agation portion, and 

wherein the input position is offset from the optical axis. 

40. The optical demultiplexer according to claim 38, 

wherein the multi-mode propagation portion is formed by n single-mode waveguides (122f), and 
wherein an axis of symmetry between outermost single-mode waveguides among the n single-mode 
waveguides corresponds to an optical axis of the multi-mode propagation portion. 

41. The optical demultiplexer according to claim 40, wherein the n single-mode waveguides are equally spaced. 

42. The optical demultiplexer according to claim 37, wherein the n types of different wavelengths are equally spaced. 

43. An optical mu!ti-/demuttiplexer for combining/separating light of first and second wavelengths, the optical multi-/ 
demultiplexer comprising: 

a multi-mode propagation portion allowing multi-mode propagation of the light of first and second wavelengths 
and separating powers of the light of first and second wavelengths by causing internal mode interference; 
an input portion for inputting light to the multi-mode propagation portion from such an input position as to cause 
separation of the powers of light in the multi-mode propagation portion; and 

first and second output portions for outputting the light of first and second wavelengths from the multi-mode 
propagation portion via such positions on an output end face as to cause separation of the powers of the light 
of first and second andmaximize an extinction ratio indicating the size of the power of light of a desired wave- 
length with respect to the power of light of a wavelength to be cut off. 

44. An optical multi-Zdemultiplexer for combining/separating light of n types of different wavelengths, where n is a 
natural integer, the optical multi-/demuftiplexer comprising: 

a multi-mode propagation portion allowing multi-mode propagation of the light of n types of different wave- 
lengths and separating powers of the light of n types of different wavelengths by causing internal mode inter- 
ference; 

an input portion for inputting light to the multi-mode propagation portion from such an input position as to cause 
separation of the powers of light in the multi-mode propagation portion; and 

n output portions for outputting the light of n types of different wavelengths from the multi-mode propagation 
portion via such positions on an output end face as to cause separation of the powers of the light of n types 
of different wavelengths and maximize an extinction ratio indicating the size of the power of light of a desired 
wavelength with respect to the power of light of a wavelength to be cut off. 

45. An optical device (300a) for adjusting wavelength-multiplexed light of n types of wavelengths, where n is a natural 
integer, the optical device comprising: 

a demultiplexing section (301a) for separating the light of n types of wavelengths; 
a multiplexing section (302a) for combining the light of n types of wavelengths; and 

n adjusting sections (303a) for adjusting light of the n types of wavelengths separated by the demultiplexing 
section and inputting the light of the n types of wavelengths to the multiplexing section, 

wherein the demultiplexing section includes a demultiplexer multi-mode propagation portion allowing multi- 
mode propagation of the light of n types of wavelengths and separating powers of the light of n types of wavelengths 
by causing internal mode interference, 

wherein the multiplexing section includes a multiplexer multi-mode propagation portion allowing multi-mode 
propagation of the light of n types of wavelengths and combining powers of light of the n types of wavelengths by 
causing internal mode interference, and 

wherein in the case where i=0,1, .... n and k=1 , 2, ... , n-1, when a phase difference between i'th- and i+1'th- 
order modes of a kth wavelength X* is G k and a phase difference between i'th-and i-t-1 'th-order modes of a k+1'th 
wavelength X k+1 is 6 k+1 , each of the demultiplexer and multiplexer multi-mode propagation portions has such an 
optical path length in a propagation direction as to cause a difference between fl k and fl k+1 to be in the range of 
nuctJi/2, where m is a natural integer. 
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46. The optical device according to claim 45, wherein each of the n adjusting sections adjusts at least one of a gain, 
a phase, and a polarized status for each wavelength. • 

47 The optical device according to claim 45, further comprising an external control section, wherein the external control 
5 section is able to communicate with each of the n adjusting. sections so as to dynamically adjust at least one of a 

gain, a phase, and a polarized status for each wavelength. 

48. The optical device according to claim 45, further comprising: 

10 an external control section; and 

a monitor section for monitoring the output of the multiplexer multi-mode propagation portion, 

wherein the external control section is able to communicate with each of the n adjusting sections and the 
monitor section and to feed back an output status of the multiplexer multi-mode propagation portion so as to 
is dynamically adjust at least one of a gain, a phase, and a polarized status for each wavelength. 

49. An optical device (300b) having an add/drop function of extracting one of two wavelengths multiplexed in light and 
recombining the two wavelengths, the optical device comprising: 

20 a demultiplexer for separating light of the two wavelengths; 

a multiplexer for combining light of the two wavelengths; 

a relay waveguide (302b) for relaying light of a first wavelength in wavelength-multiplexed light to the multi- 
plexer the relay waveguide being connected to the output side of the demultiplexer; 

a drop waveguide (304b) for guiding light of a second waveguide in the wavelength-multiplexed light to the 
25 outside of the demultiplexer, the drop waveguide being connected to the output side of the demultiplexer; and 

an add waveguide (305b) for guiding the light of the second wavelength back into the demu Itiplexer and relaying 
the light to the multiplexer, 

wherein the demultiplexer includes a demultiplexer multi-mode propagation portion (301b) allowing multi- 
30 mode propagation of light of the first and second wavelengths and separating powers of the light of the first and 

second wavelengths by causing internal mode interference, 

wherein the multiplexer includes a multiplexer multi-mode propagation portion (303b) allowing multi-mode 
propagation of the light of the first and second wavelengths and combining the powers of the light of the first and 
second wavelengths by causing internal mode interference, and 
35 wherein in the case where a phase difference between zero- and first-order modes of the first wavelength 

is G, and a phase difference between zero- and first-order modes of the second wavelength is 9 2 , each of the 
demultiplexer and multiplexer multi-mode propagation portions has such an optical path length in a propagation 
direction as to cause a difference between G n and 6 2 to be in the range of mn±n/2, where m is a natural integer. 

40 50 An optical demultiplexer (300d) for separating, into two groups of wavelengths, input wavelength-multiplexed light 
of 2n types of dWerent wavelengths ^ A^, where n is a natural integer, the optical demultiplexer compns.ng: 

a multi-mode propagation portion (301 d) allowing multi-mode propagation of light of the 2n types of different 
wavelengths in the input wavelength-multiplexed light and separating powers of light of the two groups of 
45 wavelengths by causing internal mode interference; 

an input portion (101a) for inputting light to the multi-mode propagation portion from such an input position as 
to cause separation of powers of light in the multi-mode propagation portion; and 

two output portions (1 03a and 1 04a) for outputting the light of the two groups of wavelengths from such por- 
tions as to cause separation of the powers of the light of the two groups of wavelengths, 

wherein the two groups of wavelengths consist of the group of odd-numbered muftiplexed wavelengths and 
the group of even-numbered multiplexed wavelengths. 

51 The optical demultiplexer according to claim 50, wherein in the case where k=1 , 2, n-1 , when a phase difference 
55 between zero- and first-order modes of a 2k-1 'th wavelength ^ is B 2k ., and a phase difference between zero- 

and first-order modes of a 2k'th wavelength ^ k is 6 2k , the multi-mode propagation portion has such an optical path 
length in a propagation direction as to cause a difference between fl 2k .., and fl 2k to be in the range of mrctJt/2, 
where m is a natural integer. 
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52. The optical demultiplexer according to claim 51 , 

wherein the multi-mode propagation portion is formed by one multi-mode waveguide 
wherein the center line of the multi-mode waveguide corresponds to an optical axis of the multi-mode prop- 
agation portion, and 

wherein the input position is offset from the optical axis. 

53. The optical demultiplexer according to claim 51 , 

wherein the multi-mode propagation portion is formed by two single-mode waveguides having different 
lengths, and 

wherein an axis of symmetry between the two single-mode waveguides corresponds to an optical axis of the 
multi-mode propagation portion. 

54. The optical demultiplexer according to claim 50, 

wherein in the case where k=1 , 2 n-1 , when a phase difference between zero- and first-order modes of 

a 2k-1 'th wavelength A^^-, is G 2k . 1 and a phase difference between zero- and first-order modes of a 2k'th wavelength 
^2k is e 2k> tne rnulti-mode propagation portion includes: 

a first optical path length portion having such an optical path length in a propagation direction as to cause a 
difference between and 6 2k to be in the range of rrnc±n/2, where m is a natural integer; and 
a second optical path length portion having such an optical path length in the propagation direction as to a 
difference between 6 2 k i and e 2k to bein ,ne range of rrm±n/2, 

wherein the group of the odd-numbered multiplexed wavelengths is outputted from the first optical pathlength 
portion, 

wherein the group of the even-numbered multiplexed wavelengths is outputted from the second optical path 
length portion, and 

wherein the first and second optical path length portions have different optical path lengths. 

55. The optical demultiplexer according to claim 54, 

wherein the multi-mode propagation portion is formed by one multi-mode waveguide, 
wherein the center line of the multi-mode waveguide corresponds to an optical axis of the multi-mode prop- 
agation portion, and 

wherein the input position is offset from the optical axis. 

56. The optical demultiplexer according to claim 54, 

wherein the multi-mode propagation portion is formed by two single-mode waveguides having different 
lengths, and 

wherein an axis of symmetry between the two single-mode waveguides corresponds to an optical axis of the 
multi-mode propagation portion. 

57. The optical demultiplexer according to claim 50, wherein the 2n types of wavelengths are equally spaced. 

58. The optical demultiplexer according to claim 50, wherein a refractive index of the multi-mode propagation portion 
is in linear relationship with a wavelength in at least n types of wavelength ranges. 

59. The optical demultiplexer according to claim 50, 

wherein n is a number which satisfies n=4k, where k is a natural integer, and 
wherein the optical demultiplexer further comprises: 

a first latter-stage multi-mode propagation portion (304e) optically connected to an output end of the output 
portion for guiding the group of odd-numbered multiplexed wavelengths and having the same characteristic 
as that of the multi-mode propagation portion; 

a second latter-stage multi-mode propagation portion (307e) optically connected to the output end of the output 
portion for guiding the group of even-numbered multiplexed wavelengths and having the same characteristic 
as that of the multi-mode propagation portion; 

a first latter-stage output portion (308e) for outputting the group of 4k-3'th wavelengths separated by the first 
latter-stage multi-mode propagation portion; 

a second latter-stage output portion (309e) for outputting the group of 4k-1'th wavelengths separated by the 
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first latter-staae multi-mode propagation portion; 

a Sird latter-stage cutout portion (310e) for outputting the group of 4 k-2' th wave.eagths separated by the 
second latter-stage rulti-mode propagation portion; and t . 

aZfhlatter-sta^ 

latter-stage multi-moae propagation portion. 
50. An optica, demuttiplexer for separating input wavelength-multiplexed light of first and second wavelengths, the 
optical demultiplexer comprising: 

a first multi-mode propagation portion (1 02g) for separating powers of light of third and fourth wavelen gths by 
ca us nq in eTa7mod interference, the third wavelength being offset from the first wavelength by a prescribed 
waS the fourth wavelength being offset from the second wavelength by a ^^J^^ 
an input portion (1 01 a) for inputting light to the first multi-mode propagation portion from such an input position 
as to cause separation of powers of light in the first multi-mode propagation portion; 

TZ oZJpo^ 03g) provided to an output end face of the first multi-mode propagation portion in such 
a a position^ u ; cause separation of the powers of light of the third and fourth wavelength, . and m« an 
extinction ratio indicating the size of the power of light of the fourth wavelength wrth respect to the power of 

a 9 llT 0 r u t^nTo4g) P-ided to the output end face of the first multi-mode propagation portion in 
Lchapost^ 

extinctionratioindicating the size of the power of light of the fourth wavelength w.th respect to the power of 

rondrn™ U t n nfode propagation portions (fOSg and 107g) each sepa rating powe. of 

and sixth wavelengths by causing internal mode interference, the f.fth wavelength be,ng offset from the first 

Tateleng^ 

The sixth wavelength being offset from the second wavelength by a prescribed wavelength ,n a d.recfon op 
Dosite to a direction of the offset of the fourth wavelength; 

a thtd output portion (1 08g) provided to an output end face of the secondmulti-mode propagation portion in 
such a pot on as to cause separation of powers of light of the fifth and sixth wavelengths and — ^ 
extinction ratio indicating the size of the power of light of the sixth wave.ength with respect to the power of 

S^JS ^XgTprovided to an output end face of the third multi^ode propagation portal in 
such a posmon as to cause separation of the powers of light of the fifth and ^ t ^«*^™™ 
the extinction ratio indicating the size of the power of light of the sixth wavelength wrth respect to the power 
of light of the fifth wavelength. 

61 The optical demultiplexer according to claim 60, QnH 
wherein the third and fifth wavelengths are symmetric with respect to the first wavelength and 
wherein the forth and sixth wavelengths are symmetric with respect to the second wavelength. 
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